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ABSTRACT
Adsorption equilibrium and kinetic parameters for CO/clinoptilolite
adsorbate/adsorbentpair were determinedby perturbationgas chromatography.
Chromatographicexperimentswereperformedattemperaturesin the60-120°Crangeand
atcarriergasflow ratesin therangeof 10.31-24.36em/sec.Thechromatographicresponse
peakswereobtainedby concentrationpulsemethod. A packedcolumnof 10emlength
and0.46eminletdiameterwhichwaspackedwith clinoptiloliteparticleswithnarrowsize
distribution(500-850~m)aroundmeandiameterof301.9 ~mwasused.Theclinopti10lite
particleswere excavatedfrom Gordes,WesternAnatolia.The momentsof the response
peakswerecalculatedby integrationof experimentalchromatographicdataandmatchedto
the .modelparametersin order to determinethe equilibriumconstantsand diffusion
coefficients.The dynamicmodel(HaynesandSarma,1973)wasappliedto describethe
adsorptionand diffusion processesin the packedcolumn.This model includesaxial
dispersion, external mass transfer resistance,micropore and mesopore diffusion
resistances.
The equilibriumconstants(Henry'slaw constants,K) werecalculatedin therange
of 40- 952andwerefoundto bein goodagreementwiththeresultsin theliterature.These
constantswere foundto decreasewith increasingtemperature.The heatsof adsorption
wereobtainedin therangeof 54.15- 57.14kl/mol fromtheslopeof van'tHoff plotsand
comparedwiththosein theliterature.Theheatsof adsorptionwerefoundto belowerthan
thosereportedin theliteratureobtainedfor thesameadsorbate/adsorbentpair.The higher
heatsof adsorptionwereexplainedby thesmallerporesize,highercationcontentof the
clinoptiloliteandmoreaccessibilityof thecationsin theclinoptiloliteframeworkby CO
molecules.Heatsof adsorptionremainedalmostconstantover the carriergas velocity
rangestudied.
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The contributionsof axial dispersionand other mass transferresistancesIn
diffusionof CO in clinoptilolitewerealsodetermined.Thetotaldispersionexhibitedslight
change(average0.035 see)with temperatureimplying that the microporediffusional
resistancewas not dominantfor diffusionof CO in clinoptiloliteundertheexperimental
conditionsstudied.The axialdispersioncoefficientwasdeterminedin therangeof 1.14-
9.88cm2/secandthetotalmasstransferesistanceswerefoundbetween0,02-0.06sec.The
resultsshowedthatthemesoporediffusionresistancewasthecontrollingmechanismin
CO diffusionin clinoptilolite.Mesoporediffusioncoefficientwasestimatedas 2.98xlO-3
cm2/sec.This valuewasin goodagreementwiththetheoreticallydeterminedvalue.
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Karbonmonoksit/klinoptilolitadsorbatladsorbentsistemii~inadsorbsiyondengeve
kinetic parametreleriperturbasyongaz kromatografiyontemi ile belirlenmi$tir.
Kromatografikdeneyler60-120°Cslcakhkve10.31-24.36cm/snta~lYlclgazhtzaraltgmda
ger~ekle~tirilmi~tir.KromatografikyamtpiklerikonsantrasyonatIm(pulse)yontemile
eldeedilmi~ir.C;ah~mada10 emuzunlugunda,0.46 emi~~aph,500-850/lm par~aelk
btiyiikliigtidagdlml(ortalama~aplarl301.9/lm) gosterenklinoptilolitpar~aelklarlile
doldurulmu~kolon kullamlml~t1f.Klinoptilolit par~aelklanBatl Anadolu bolgesi,
Gordes'tekizeolityataklanndansaglanrnt~tIr.K omatografikyamtpiklerininmomentleri
deneyselkromatografikverilerinentegrasyonuilehesaplanml~t1fveadsorpsiyondengeve
kinetikparametrelerininbelirlenmesii~inuygundinamikmodellee$le$tirilmi~tir.Haynes
veSarma'mn(1973)geli~tirmi~oldugudinamikmodeldolgulukolondakiadsorbsiyonve
difuzyonolaylarmma~lklamaki~inuygulanml~t1f.Bu modeleksenselyaYlhm,par~aclk
ytizeyikiitleta~lmmdirenei,mikrogozenekvemezogozenekdiren~lerinii~ermektedir.
Adsorpsiyondengesabitleri(Henry YasaSl sabitleri,K) 40-952arahgmda
hesaplanml~ve literamrdekidegerlerleuygunlukgosterdigigoti.ilmu~ttir.Bu sabitlerin
artansleakhklazalml~tlr.AdsorpsiyonlSIdegerlerivan'tHoff egrilerininegimlerinden
54.15-57.14kJ/mol arahg.ndabulunmu~ve bu degerlerliterattirdekidegerlerle
kar~lla~tlfllml~tlr.Bu kar~l1~ttrrnasonueubu ~ah~madabelirlenenadsorpsiyonISI
degerlerininliterattirdekidegerlerdendabaytiksekoldugugortilmu~ve bu kullamlan
klinoptilolitindahakii~k gozenekboyutunasahipolmasma,dahafazlakatyoni~ermesine
vekatyonlannkarbonmonoksitmolekiillerineedahaula~llabilirkonumdabulunmalanyla
a~lklanml~t1r.AdsorpsiyonISIdegerleri~ah~l1ant ~IYlelgazhlZlarahgmdasabitkalml~tlr.
Ayncakarbonmonoksitinklinoptiloliti~indekidifuzyonundaetkiliolaneksenselyaYlhm
katsaYlslvedigerkiideta~mlmdiren~leridebelirlenmi~tir.TopIamyaYlhmmsleakhkile
fazladegi~memesi(ortalama0.035 sn) ~ah~l1andeneyselko~ullardamikrogozenek
v
direncinin karbon monoksitinklinoptilolit iyinde difuzyonundabaskm mekanizma
olmamaslile aytklannu~ttr.
Toplamkiitletransferdirencinin0.02-0.06sn,eksenselyaythmkatsaYlsmm1,14-
9,88cm2/snaraltgmdadegi~tigibelirlenmi~tir.Bu sonuylar,yalt~tlandeneyselko~llarda
mezogozenekdirencininkarbon monoksitinklinoptilolit iyindeki difuzyonundaetkin
mekanizmaoldugunugostermi~tir.Mezogozenekdifuzyon katsaytst2.98xlO-3 cm2/sn
olarak bulunmu~tur.Bu deger teorik olarak hesaplanan degerlerle uygunluk
gostermektedir.
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CHAPTER!
INTRODUCTION
There are critical environmentalproblems associated with air pollution,
including photochemical smog, acidic deposition, stratosphericozone depletion
andthe most significantonetheworldhaseverfacedis theglobal climatechange.
Globalclimatehaswarmedduringthepast150yearsandit waspredictedthatthe
earth'stemperaturewill increaseby about 0.9-3.5°Cby the year 2100 [2]. There is
evidencethattheatmosphericoncentrationof thegreenhousegasesareincreasingdueto
gasesemittedfromman'sactivitiescausingtheearth'saveragetemperatureto increase.The
maingreenhousegasesarecarbondioxide(C02), methane(C~) andnitrousoxide(N20).
Muchof theanthropogenicimpacton theatmosphereis associatedwith theuseof fossil
fuelsasanenergysource,for heating,transportationandelectricpowerproduction.
Researchon climatechangefoc.uson improvementof detectionandpredictionof
climatechange,theeffectsof climatechangeon thephysicalandbiologicalenvironment,
developmentof technologiesand on reductionof greenhousegas emissions.There is
increasinginternationalenvironmentalconcernregardingthecontrolof gaseouspollutant
emissions.Indu~tryisbeingforcedto developeconomicallyfeasibleandeffectivemethods
toreducethepollutantemissionsto acceptablelevelsbyenvironmentalregulations.
Conventionalair pollution control methods involve adsorption,absorption,
condensationandcombustion.Adsorptionhasadvantagesoverothertechniquessuchas
low energyconsumptionand usefulnessfor low sorbateconcentrations.It is basedon
preferentialpartitioningof adsorbatefrom the gaseousphaseand accumulationon the
adsorbentsurface.Microporoussolidsar~chosenasadsorbentto achievehighadsorptive
capacitiesfor economicviability.The mostcommonlyusedcommercialadsorbentsin gas
separationand purificationapplicationsare carbonmolecularsieves,activatedcarbons,
silica,alumina,syntheticandnaturalzeolites.
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Zeolitesdiffer fromtheothertraditionaladsorbents.Theyhaveuniformporesize
distributionsin therangeof3-10 ~ dependingonthetype.Theseporesselectivelyadsorb
or rejectthemoleculebasedon therelativesizeof themoleculeandthepore.However,
naturalzeoliteshave not been examinedin detail as molecularsieves due to their
inconsistencyof compositionandpurificationcost.Specialinteresthasbeendevotedto
naturalzeolites,especiallyon clinoptilolitein this studydue to the large amountof
reserves(2 billiontonnes)in theWesternAnatoliaregion.Theobjectiveof thisstudyis to
determinethepotentialcapacityof clinoptilolitefor CO adsorptionprocess.
Thedesignof aneffectiveadsorptionseparationprocessrequiresthedetermination
of kinetic and equilibriumparametersfor the adsorbate-adsorbentpair of interest.
Adsorptionequilibriumdatacharacterizesadsorptioncapacityof theadsorbentwhich is
dependentonthepressure,temperature,surfaceareaandporosityof theadsorbent,andthe
natureof theadsorbate-adsorbenti eractions.It givesinformationonhow stronglythegas
is adsorbed.Equilibriumdatais also importantfor gasseparationapplications,sincethe
separationfactoris expressedastheratioof Henry'sLaw constantsfor thecomponents.
Therefore,usingpre-determinedHenry Law constants,it is easyto selectthe suitable
adsorbentfor thespecificseparationprocess.
Most experimentalstudieson adsorptionkineticsandequilibriumof zeolitesare
performedby volumetricorgravimetricmethod.Gaschromatographymethodis applicable
for in a widerrangeof diffusivity.The concentrationpulsechromatographymethodwas
used.This methodinvolvestheperturbationof thesorbate-freecolumnthatwas initially
broughtto equilibriumwith a flowing pure carriergas by eithera pulse of the pure
adsorbate.Then,thedetectoroutputwasmonitoredasa functionof time.Theanalysisand
interpretationof the experimentalchromatographicdatarequiresa mathematicalmodel.
The dynamicmodeldevelopedby Haynesand Sarma(1973)offers the most suitable
modelto describethediffusionandadsorptionprocessesin a columnpackedwithbiporous
adsorbent.The adsorptionequilibriumanddiffusionparameterscan thenbe derivedby
matchingtheexperimentalparameterstothemodelparameters.
2
CHAPTER 2
AIR POLLUTION
Air pollution is an importantproblem for human health and the natural
environment.It can be definedbasedon the concentrationof pollutantgas in the
environment.Thecompositionof cleanairusedasabenchmarkis givenin Table2.1.
Table2.1.Concentrationof atmosphericgasesin cleanair [1]
Component
Nitrogen(Nz)
Oxygen(Oz)
Argon(Ar)
Carbondioxide(COz)
Neon(Ne)
Helium(He)
Methane(CRt)
Krypton(Kr)
Hydrogen(Hz)
Dinitrogenoxide(NzO)
Carbonmonoxide(CO)
Xenon(Xe)
Ozone(03)
Ammonia(NH3)
Nitrogendioxide(NOz)
Nitric oxide(NO)
Sulphurdioxide(SOz)
H dro ensuI hide zS
Concentration
(% byvolume)
78.09
20.95
0.93
0.032
0.0018
0.00052
0.00015
0.0001
0.00005
0.00002
0.00001
0.000008
0.000002
0.0000006
0.0000001
0.00000006
0.00000002
0.00000002
If theconcentrationof a constituentis higherthantheconcentrationpresentin the
atmosphere,it is thentermedas an air pollutant.The majorpollutantsincludesulfur
dioxide,carbonmonoxide,nitrogenoxides,ozone,suspendedparticulatematter,lead,
carbondioxide,and toxic pollutants.Althoughsomepollutantsare releasedby natural
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sources,the effectis very small when comparedto emissionsfrom industrialsources,
powerand heatgeneration,wastedisposal,and the operationof internalcombustion
engines.Table2.2givesbriefinformationabouttypicalsourcesof thesepollutants.
Table2.2.Typicalsourcesfor airpollutants
Source Typicalairpollutantsemitted
Transportation
CO, Pb,NOx,03
Stationary
CO, Pb, NOx, particulatematter,S02(powerplants,industrialprocesses)
SolidWasteDisposal
S02,C
Miscellaneous (Forestfires,asphaltroadpaving,
CO, NOx, partic latematter,S02
coalminingetc.)
Air pollutionhas somepotentialnegativeimpactson naturalsystems,national
economies,andlife qualitywhichcouldbedestructivefor humanhealth,ecosystems,food
securityandwaterresourcesin someregionsof theworld.
Global warmingis one of the most importanteffectsof air pollutionwhich is
attributedto theincreasein concentrationof naturallyoccurringor man-madegreenhouse
gasesin theupperatmosphere.It causesheatandradiationbalanceof theEarthto change
significantly.Figure2.1showsthevariationin globaltemperature.Globaltemperaturehas
increasedaboutO.soC over the last 100years.The 20th century's10 warmestyears
occurredwithinthelast 15years.Moreoverif thegasescontinueto accumulate,according
to the projectionsbasedon atmospheric omputermodels,the averageglobal surface
temperaturecoul~rise0.9-3.5°Cby2100[2].
The snowcoverin theNorthernHemisphereandfloatingice in theArctic Ocean
havedecreased.Globally,sealevelhasrisen10-25cm overthepastcentury.Worldwide
precipitationover land has increasedby about1 %. The frequencyof extremerainfall
eventshasincreased.Increasingconcentrationsof greenhousegasesarelikelyto accelerate
therateof climatechange,thusevaporationwill continueto increaseastheclimatewarms
leadingaverageglobal precipitationto increase.Moreover, soil moistureis likely to
declinein manyregions,intenserainstormsare likely to becomemorefrequent,andsea
levelis likelyto increase[3].
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Figure2.1.Globaltemperaturechanges(1861- 1996)
(IntergovermentalC imateChangePanel,1995)
2.1.Carbon Monoxide
Sincecarbonmonoxideis thatof particularinterestin this study,thenextpartis
dedicatedto discussthe sources,healtheffects,presentair pollutionsituationbasedon
carbonmonoxideemission,standardsandcontrolmethodsof carbonmonoxideemissions
indetails.
Carbonmonoxideis colourless,tasteless,odourless,pOlsonous,flammableand
chemicallyinertundernormalconditions.It survivesin the atmospherefor a periodof
approximatelyonemonthandeventuallyis oxidizedto carbondioxide(C02) [4]. CO is
defined as an "indirect green house gas" togetherwith NOx, VOC and S02 in
IntergovermentalC imateChangePanel.
2.1.1.Carbon MonoxideSources
Carbon monoxide is emitted from both natural and anthropogenicsources.
Accordingto Argonne National Laboratoryreports,the major naturalsource is the
oxidationof methanegas from decayingvegetationproducing3.5 billion tonnesof CO
yearly[5].
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The majoranthropogenicarbonmonoxidesourcesaremobilesourcesincluding
transportation,and stationarysourceslike power plants,industrialprocessesand solid
wastedisposalareas.ThesesourcesandtheirapproximateCO emissionsaresummarized
inTable2.3.
Table2.3. Sourcesandquantitiesof carbonmonoxideemissions[5]
Source
Emissions,106toones/year
1968
1970578
Transportation
102.500.677.285.76 1
Fuelcombustionin stationarysources
1.8
0..522 1
(powerandheating)
Industrialprocesses
7.7.335 8
Solid-wastedisposaland
24.8
39.4
misc ll eous
Total
36 84 86 .8 4
Thecombustionof coal,oil, andgasolinearethemajorsourcesfor CO. 80%of the
carbonmonoxidecomesfromburninggasolineanddieselfuelsin vehicles.The amountof
carbondioxideproduceddependson the carboncontentof the fuel. The averageCO
emissionsfromtransportationestimatedin 1968,1970,1975,1977,and 1980wereabout
78.8% of thetotal.In Europeanurbanareas,theproducedCO is almost90 % fromtraffic
emissions.Elevatedcarbonmonoxidelevelsaremost likely to occurduringthe colder
monthsin urbanareas.The emissionsfrom mobilesourcesarebasedon vehiclemiles
travelled(VMT) dataasgivenin Table2.4 [6].
Table2.4. UnleadedgasolineexhaustproductsperVehicleMile Travelled[6]
ExhaustProducts
Emissions
grams
percentof totalm lespercentof total
CarbonDioxide(CO2)
272.3869.38.1949.01
WaterVapor(H2O)
109.4227 88 4
Methane(CltJ)
.080.02<0. 7
NitrogenOxides(NOx)
0.87
216
NitrousOxide(NzO)
CarbonMonoxide(CO)
9. 02 9353
Nonmetha eHydrocarbons(CnHm)
861
6
As a resultof long-termimprovementsin CO emissioncontrol,CO emissions
decreasedby 38% between1981and1991,whilevehiclemilestravelledincreasedby 35
%, asshownin Figure2.2.
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Figure2.2.CO emissiontrendfromvehicles
In 1997,theworldfossilfuelindustryproduced5.2billiontonsof coal,26.4billion
barrelsof petroleumand81.7trillion cubicfeetof naturalgas.6.2 billion metrictonsof
carbonwas emittedas a resultof the combustionof thesecarbon-basedfuels into the
atmospherecontributingto global warming [8]. One solutionto lower the CO gas
emissionsfrom the power plantsis the adoptionof renewableenergies.Theseenergy
sourcesrangefromsolar,wind,andhydrotofuelcellspoweredbyhydrogen.
Othermajoranthropogenicsourcesof carbonmonoxideemissionsarechemicaland
metallurgicalindustryincludingiron and steelmills, zinc, lead, and coppersmelters,
municipalincinerators,petroleumrefineries,cementplants,andnitric andsulphuricacid
plantswherecarbonmonoxideis used as an industrialchemicalor as a fuel. Carbon
monoxideis commonlyemittedby industryas a result of incompletecombustionof
carbon-containingmaterial;for exampletheexhaustgasesof gasoline,diesel,andpropane
engines.If thetemperatureof combustionis notsufficientlyhigh,oxygenis notenough,or
thetimeis not sufficientfor completeburning,then the fuel will not be completely
oxidizedto carbondioxide.The following reactionexpressesincompletecombustionof
methane:
C~ +O2 ~ mostly(C02 +H20) +tracesof [CO +Hydrocarbons]
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Solid-wastedisposaland miscellaneouscausesincludingforest fires, structural
fires,coal refuse,andagriculturalburningwerereportedasthe secondlargestsourceof
anthropogeniccarbonmonoxide.
2.1.2.Effectsof Carbon Monoxideon Health
It was reportedthat CO levels in ambientair may reducethe oxygen-carrying
capacityof theblood,sinceit has200timesgreateraffinityfor hemoglobinthanoxygen.
Table2.5givestheeffectsof differentlevelsof CO intheair.
Table2.5.Healtheffectsof CO concentrationintheair [5]
CO Level m
1-3
20-60
60-150
150-300
300-650
700-1000
1000-2000
over2000
Effect
None
Reducedcapacityfor workexposurelimitsfor 8-hourday
Frontalheadache,shortnessof breathonexertion
Throbbingheadache,dizziness,nausea,lowerdexterity
Severeheadache,nausea,vomiting,confusion,collapse
Coma,convulsions
Heartandlungsdepressed,fatalif nottreated
Ra idl fatal
2.1.3.Carbon MonoxideEmissionStandards
In USA, nationalprimaryandsecondaryambient-air-qualitystandardsweresetand
incorporatedintotheCleanAir Act amendmentsin 1970.The 1970nationalambient-air-
qualitystandardsestablishedthe thresholdlevels below which no adverseeffectsare
knownto occurasgivenin Table2.6.Primarystandardsis basedon airqualitycriteriafor
protectionof publichealth,while secondarystandardswereestablishedto protectpublic
welfare,i. e.,plants,animals,propertyandmaterials.Maximum8-hourandI-hour carbon
monoxideconcentrationstandardshouldnotbeexceededmorethanonceayear(7].
Table2.6.USA nationalambientairqualitystandardsfor CO
Pollutant PrimaryandSecondaryStandards
Maximum8-hourconcentration
10ppm(12.5mg/m3)
MaximumI-hour concentration
40ppm(50mg/m3)
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2.1.4.Air Quality in Turkey basedon CO Emissions
CO is releasedto theatmospherefromfuel consumption,industrialprocessesand
combustionof agriculturalwastes.WhileCO emissionwasreportedas3,773,000tonnesin
1990,thisvaluewasincreasedto 4,198,000tonnesin 1997,in Turkey.In 1997,87.82%of
thoseemissionswasdueto fuelconsumption,1.56% fromindustrialprocesses,and10.61
% fromagriculturalcombustionfacilities.Percentcontributionfrommajorsourcesin the
1990-1997periodis givenin Table2.7[9).
Table2.7.PercentCO emissioncontributionsfromthemajorsourcesin Turkey[10]
Source
PercentContributionto CO Emission(%)
1990
1991234567
Fuelconsumption
86.3586.017 1868 3595382
Industrialprocesses
1.59.4675
Combustionof
12.06
21 470 9
agriculturalwastes
Trend for energy-relatedCO emissionsare sketchedin Figure 2.3. Since 1980,
Turkey'senergy-relatedcarbonemissionshavejumped from 18 million metric tons
annuallyto 47.1 million metrictons in 1998.Althoughthis is low comparedto other
EnergyInformationAdministrationcountries,theupwardtrendandtherateof increaseare
alarming[10).
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Figure2.3.Turkey'senergyrelatedcarbon(CO andCO2) emissions
(EnergyInformationAdministration,EIA) [10]
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In Turkey, the governmentand municipalitieshave takenseveralmeasuresto
reducepollution from energy sources in order to meet EU (European Union)
environmentalstandards.Flue gasdesulfurization(FGD) unitsarerequiredon all newly
commissionedcoal powerplantsandretrofittingFGD ontoolderunits.In addition,the
planned"Blue Stream"naturalgas pipelinefrom Russia shouldprovidethe necessary
suppliesfor Turkeyto relymoreheavilyoncleaner-burningasratherthancoal[10].
Turkey also needsto maintainand increaseinvestmentsin public transport
especiallyin urbanareasandimprovethe implementationof existingregulationson air
qualityin ordertoreduceairpollution.Additionally,it is requiredto improvethequalityof
oilproductsandpromoteinvestmentsin theenvironmentalcontrolsystem[10].Presentair
qualitystandardsfor CO aregivenin Table2.8and2.9.
Table2.8.Air qualitylimit standardforCO in Turkey[11]
Pollutant
CarbonMonoxide(CO)
Long-TermLimit
10mg/m3
Short-TermLimit
30mg/m3
Table2.9.Long-termairqualitystandardsproposedbyWHO for Turkey[11]
Pollutant
CarbonMonoxide
(CO)
Assessment
8-houraveragedaily
maXImum
Long-TermLimit
10mg/m3
40mg/m3
Turkeyis nota signatoryto theUnitedNationsFrameworkConventionon Climate
Change(UNFCC) or to the Kyoto Protocol, meaningthe country has no binding
requirementsto cutcarbonemissionsbythe2008-2012periodasmostotherIEA countries
have.However,TurkeyhasestablishedaNationalClimateCoordinationGroup(NCCG) to
carryoutthenationalstudiesin linewiththoseconductedbyall countriesof theUNFCC.
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2.1.5.CO EmissionControl Methods
Environmentalregulationsforce industryto developeconomicallyfeasibleand
efficientmethodsto reducethe pollutantemissionsto acceptablelevels. Control of
pollutantsatthesourceis far moredesirablethancontrolby dilutionin theambientair.
Adsorption,absorption,condensationandcombustionarefourbasiccontrolmethods.
Adsorptionis widelyusedin industrialprocessesandenvironmentalapplications,
becauseof its low energyconsumptionandusefulnessfor low sorbateconcentrations.The
firststepin thedevelopmentof anadsorptionseparationprocessis thechoiceof a suitable
adsorbenttomaximizetheadsorptioncapacity.Preferentialaffinityfor specificsubstances
andlargesurfaceareaperunitvolumeprovidedby theinternalporesof thesolidaretwo
keycharacteristicsof solidadsorbents[12].
Theuseof solidsfor removingsubstancesfromgaseousmixturesaccompaniesby
preferentialpartitioningof substancesfrom thegaseousphaseand accumulationon the
adsorbentsurface.To achievethe sufficientadsorptivecapacitiesfor economicviability,
microporousolidswithporediameterangingfroma few A to a few hundredA andwith
high specific surfacearea about 200-2000m2/g are employed.The quantityof gas
adsorbedby a soliddependsonpressure,temperature,thenatureof thegas,andthenature
of the solid. The most commonlyused commercialadsorbentsin gas separationand
purificationapplicationsaregivenin Table2.10.
In thetraditionaladsorbents,thereis a distributionof poresize.On theotherhand,
molecularsievezeolitesandcarbonmolecularsieveshavea well definedbimodalpore
sizedistributionsincetheyaremadeof smallparticlesof themicroporoussolidsformed
intomacroporousparticlesor pellets.The dehydratedcrystallinezeolitesshowthemost
importantmolecularsieve effectsdue to the uniform pore sizes (3-10 A) which are
uniquelydeterminedby theunitstructureof thecrystal.Theseporesselectivelyadsorbor
rejecthemoleculebasedontherelativesizeof themoleculeandthepore[13].
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Table2.10.Commercialadsorbentsforgasseparationandpurificationapplications
Bulk GasSeparations(a)
Adsorbent
Separation
Zeolite
Normalparaffins,isoparafins,aromatics,
N.J02, H2O/ethanolCarbonmolecularsieve
021N2
Zeolite,
CO, C~, C02,N2,Ar, NH31H2Activatedcarbon
Activatedcarbon
Acetone/ventstr ams,C2HJventstreams
GasPurifications(b)Adsorbent
P
Silica,Alumina,
H20/ lefin-containingcrackedga ,naturalgas,
Zeolite
air,synthesisgas
C02/C2~, naturalgas
Sulfurcompounds/naturalgas,H2,
liquifiedp troleumgas
Ox/N2,S .Jvent treams,Hglchlor-alkalicellgaseffluentActivatedcarbon
Organic /vens re s,S lv nts/air,Odors/ ir
(a)Adsorbateconcentrationsof about10weight% or higherin thefeed
(b)Adsorbateconcentrationsgenerallylessthanabout3weight% in thefeed
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CHAPTER 3
ZEOLITES
3.1.History,FormationandOccurrencesof Zeolites
Thousandsof yearsago ancientpeoplehaverecognizedthatzeolitescan absorb
moistureand heat,act as a naturalair conditioneras well as a building materialin
pyramidsandotherancientbuildings.
It was believedthat the Mayan pyramidsand buildingsat ChichenItza in the
Yucatanin Mexico hadbeenbuiltby limestoneduringthelastcentury. Many scientists
thoughthattheselarge limestoneblocks were movedby manpoweralone over 160
kilometres.In pointof fact,mostof thelargebuildingblocksusedby theMayansatthis
sitewerelight weightzeoliteblocks movedonly about48 kilometresand throughthe
centuriesdustparticlesand sedimentfrom rains and floods resultedto fill the zeolite
crystallinestructuremakingthemheavier[14].
Zeoliteswerefirst recognizedby Cronstedtin 1756,as a newgroupof minerals
consistingof hydratedaluminosilicatesof thealkaliandalkalineearthswithhis discovery
of stilbite.Cronstedtcalledtheminerala "zeolite"derivedfromtwo Greekwords:"zeo',
and"Iithos"meaning"to boil" and"a stone"[15].
The studyof theadsorptionof gasesandvapourson solidsdatesfrom Gideon's
testson fleecein 1100B.C. In 1840,Damourhas foundthatzeolitecrystalscould be
reversiblydehydratedwithout apparentchangein their transparencyor morphology.
Eichhornhasdiscoveredthereversibilityof ion exchangeon zeolitemineralsin 1858.St.
ClaireDevillehasreportedthefirst hydrothermalsynthesisof a zeolite,levynite,in 1862.
In 1896,Friedelhasnotedthatthestructureof dehydratedzeolitesconsistsof openspongy
frameworksbyobservingtheadsorptionof alcohol,benzeneandchloroformondehydrated
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zeolites.In 1909,Grandjeanhasobservedthatdehydratedchabaziteadsorbsammonia,air
andhydrogen.In 1925,Weigel and Steinhoffreportedthe first molecularsieveeffect
notingthatdehydratedchabazitecrystalsrapidlyadsorbedwater,methylalcohol,ethyl
alcoholand formicacid while excludingacetone,etheror benzene.Taylor andPauling
determinedthe first structuresof zeolitesin 1930.In 1932McBain establishedtheterm
"molecularsieve"to defineporoussolidmaterialsthatactassievesona molecularscale.
By themid-1930's,theliteraturedescribedtheion exchangeadsorption,molecular
sieve,structuralpropertiesandsynthesisof zeoliteminerals.However,synthesiswork has
notbeenverifieddue to incompletecharacterizationand the difficulty of experimental
reproducibility.Barrer studiedsynthesisof zeolitesand their adsorptionpropertiesin
1930'sand1940'sandthefirstclassificationof zeolitesbasedon molecularsizehasbeen
presentedin 1945.In 1948,hereportedthefirst definitivesynthesisof zeolitesincluding
thesyntheticanalogueof the zeolitemineralmordenite. Work carriedout in the late
1940'sby Milton andBreck et al. Theysynthesizedthefirst completelydeterminednew
zeoliticstructure,namedZeoliteA [15].
Natural zeolites are often formed during low-temperaturemetamorphismof
volcanicglass-likequenchedmolten rocks or volcanically-derivedsedimentthat are
immersedin aqueousenvironment.Compositionandpore sizedependuponthe typeof
rockmineralsinvolved[16]. For 200 years,naturalzeoliteswere consideredto occur
typicallyas minor constituentsof basaltic and volcanic rocks. However, geologic
discoveriesin the1950sand1960sshowedthatsomenaturalzeolitesmightoccuralsoin
sedimentarydeposits[15].
Natural zeolites are occurredin the widespreadtuffaceousvolcanic rocks of
Arizona;HoodooMountainsandtheYucca Mountainsin Nevada,Washington,Oregon
andCalifornia,USA. Also foundin Syria,Austria,Bulgaria,British Columbia,Canada,
Germany;Italy,Japan,New Zealand,IndiaandTurkey.Locationsandtypesof thenatural
zeolitesinTurkeyaregivenin Table3.1.
Thedepositin Bigadiy,WesternAnatoliaRegionwasreportedas about2 billion
tonnes[18, 19, 20]. Giindogdu[21] reportedthat heulandite---clinoptilolitecontentof
BigadiyandGordeszeoliteswasabout80 % andclinoptilolitewasthemajormineralin
Bigadiy.OzkanandUlkii [17]reportedtheavailablezeolitereservein Bahkesir-Bigadiy
regionas500.000tonnesandtotalreserveas50billiontonnes.
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Table3.1.NaturalZeoliteDepositsin Turkey[17]
Location Typeof NaturalZeolite
Bahkesir,Bigadiy
Clinoptilolite
Emet,Yukan Yoncaagayiz ir,Urla
li til lit
K padoky Region(Tuzkoy,Karain)GOrdesy c k,Gulpazan,GO nuk
Analcime
Polath,MUlk, Ogl kyl,A a~N han,C ytrha ,S b noztil cik, dar,H sayar
3.2.Structureof Zeolites
Zeolitesarethreedimensional,microporous,hydratedcrystallinealuminosilicates
of groupLA andgroupIIA elementssuchas sodium,magnesium,potassium,calcium,
strontium,andbarium.Theyhavearegularstructureof poresandchambers.
The structuralformulabasedon the crystallographicunit cell is representedby
Mxln[(AlOz)x(SiOz}y]. wHzO,where M is Na, K, Li and/orCa, Mg, Ba, Sr,n is thecation
valance,w is thenumberof watermolecules.Theratioy/x (Si/Al ratio)usuallylieswithin
therangeof 1 to 6 dependinguponthestructure.The sum(x+y)is thetotalnumberof
tetrahedrain the unit cell. The [(AlOz)x (SiOz)y] portion representsthe framework
composition.
The empiricaloxide formulafor naturalzeolitesis givenby Mz/nO·Alz03·ySiOz·
wHzO wherey is 2 to 10 sinceAl04 tetrahedrarejoinedonlyto Si04 tetrahedra,n is the
cationvalance,andw representsthewatercontainedinthevoidsof thezeolite.
Thereare threerelativelyindependentcomponentsin the zeolitestructure:the
aluminosilicateframework,exchangeablecationsandzeoliticwater.The aluminosilicate
frameworkis constitutedbyprimarybuildingunits.Thisunitis atetrahedron,thecentreof
whichis occupiedby siliconor aluminiumatom,withfouroxygensatomsattheverticesas
showninFigure3.1[13].
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Figure3.1.An [AI04]5- or [Si04tetrahedra(primarybuildingunit)
TheseSi04 and AI04 tetrahedrare linked to eachotherby sharingall of the
oxygensandformsecondarybuildingunits(SBU) asindicatedin Figure3.2[13].
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~Ie 8 -ring
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Figure3.2.Secondarybuildingunitsof zeoliteframework
In thisfigureeachvertexrepresentsthelocationof a Si or AI atomwhilethelines
representthediametersof theoxygenatomsor ionswhichareverymuchlargerthanthe
tetrahedralSi andAI atoms.TheseSBU's arefurtherinterconnectedandformtheinfinitely
extendedframeworkof thezeoliticcrystalstructureswith interconnectingchannelsthat
rangein sizefrom2to 4.3A (Figure3.3).
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Figure3.3.Theprimarybuildingunitscombine
toformthesecondarybuildingunits
Si and AI which are not exchangedunder ordinaryconditionsare termedas
tetrahedral(T) or frameworkcations.The substitutionof aluminiumion for silicon ion
resultsin a netnegativechargeon the framework,which is balancedby monovalentor
divalentcations. Since thesecationsare loosely bound to the lattice,they can be
substitutedbyothercationsto varyingdegrees,thustheyarereferredas exchangeableor
extra-frameworkcations.They are locatedat specificsiteswithin the void spacesand
interconnectedchannelsof theframeworktogetherwithwatermolecules.
The water contentdependson the characterof thosecations.Under ordinary
conditionswatermoleculescompletelyfill the freevolumeof channelsandvoids in the
zeolitestructure.Theintracrystallinevolumeoccupiedbywatermayamounto asmuchas
50%of thevolumeof the crystal.This intracrystalline"zeolitic"watercanbe removed
continuouslyandreversibly. Then,thefreeinnervolumeof thezeolitecanbecalculated
bymeasuringthevolumeof thewaterreleasedunderheatingin vacuum.The capacityof
thezeoliteforadsorptionis usuallyrelatedtothisfreespaceorvoidvolume[22].
This frameworkstructurecontainingchannelsor interconnectedvoids that are
occupiedbythecationsandwatermoleculesallowssomemoleculesto passthrough,and
causesotherstobeexcluded.
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3.2.1.InternalCbannelStructuresandApertures in Zeolites
Zeoliteshavevariousinternalchannelsandvoid spaces,which giveszeolitesthe
abilitytoseparatemixturesof moleculesonthebasisof theireffectivesizes.Threetypesof
channelsystemsare identifiedfor zeolitesas: one-dimensionalsystemin which the
channelsdo not intersectas that of anaclime,two-dimensionalsystems,as found in
clinoptiloliteandthree-dimensionalchannels.The freediameterof all three-dimensional
channelsi equalasin chabazite,faujasite,erioniteor channelsarenotequidimensionals
ingmeliniteandoffretite.The preferredtypehas2 or 3 dimensionalchannelsto provide
rapidintracrystallinediffusionin adsorptionandcatalyticapplications.
Thenatureof thevoid spacesandtheinterconnectingchannelsin dehydratedand
hydratedzeolitecrystalsandthe interactionof molecularspecieswith cationswithin the
channelopeningsareimportantin determiningthephysicalandchemicalproperties.These
internalchannelsandvoidspacesareaccessedthroughoxygenwindowswhichareformed
byoxygenatomsof connectedtetrahedra.In general,thesewindowsinvolve6, 8, 10,or 12
oxygenatoms.If theseoxygenwindowsareassumedto beplanarandassumingoxygento
havediameterof 2.7 ~ the freediameterof thewindowscanbe calculatedas givenin
Table3.2,where"n" representsthenumberof oxygenatoms[15].
Table3.2.Estimateddiametersof planarconfiguration
n
Diameter(A)
4
1.1
5
9
6
2.7
8
4 3
10
6 0
2
7
Ontheotherhand,temperatureis an importantfactorin determiningtheaperture
size,theeffectivesizeincreaseswithincreasingtemperatureduetothermalvibrationof the
oxygensintheaperturerings.
The free diameterof the windows in the intracrystallinechannel structure
determinesthe intracrystallinediffusivityandthe molecularsieveproperties.Molecules
withcriticalkineticdiametersmallerthanthefreewindowdiametermaypenetratethese
18
windows.Furthermore,the interactionbetweentheadsorbingmoleculesandthe oxygen
atomsin thewindows is important.For example,the kinetic energyof the diffusing
moleculedetermineswhetherit cansurmounthepotentialenergybarriercreatedby the
windowinto the crystal interstices.The free diameterof thesewindows is reduced
dependingonthenumberandnatureof theblockingcationsandcausesthediffusivityof
theguestmoleculesto reduce.Therefore,it is possibleto obtainmolecularsieveseparation
betweenmoleculesbysubstitutionof cations.
3.2.2.AdsorptionPropertiesof Zeolites
Zeoliteshave a high internalsurfaceareaavailablefor adsorptiondue to the
channelsor poresdistributedthroughoutheentirevolumeof theadsorbent.The external
surfaceareaof the adsorbentparticlescontributesonly a small amountof the total
availablesurfacearea[13]. Separationof gasesby zeolitesdependson the structureand
compositionof the framework,cationicform and the zeoliticpurity.Different cationic
formsmayleadto significantdifferencesin theselectiveadsorptionof a givengas,dueto
boththelocationandsizeof theinterchangeablecationswhichaffectthelocalelectrostatic
field,andthepolarizationof theadsorbates.Theenergeticharacteristicsof theadsorption
ofdifferentgasesin naturalandsyntheticzeoliteshavebeenstudiedextensively.
Theadsorbatemoleculeswith critical sizesmallerthanthecriticaldimensionfor
entryof thezeolitecanaccessinto theclinoptilolitechannel.The adsorptioncapacityof
zeoltieswas also determinedby the strengthof the sorbate-adsorbentinteraction[23].
Moreover,thepolarizability,electricdipole momentsand molecularsizesof adsorbate
molecules,andpolarizingpowerof thecationsandtheirlocationin thezeoliteframework
havealsoimportanteffectson adsorptionpropertiesof zeolites.[24].Theseeffectswere
examinedand it was concludedthat as the polarizingpower of cation increasedthe
diffusivitydecreased[25].The sizeandpolarizingpowervaluesfor commoncationsin
zeoliteframeworkaregivenin Table3.3.
Sincethe CO moleculeis of interestin this study,its dimensionsand kinetic
propertiesaregivenin Table3.4,basedon Pauling'svaluesof bondlengthsandvander
Waalsradii of molecule[13]. The critical diametervalue correspondingto the cross-
sectionaldiameterof CO molecule,dumbbell-shapedmolecule,is thecriticaldimension
forpenetratingthezeolite.
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Table3.3.Physicalcharacteristicsof theexchangeablecations
Cation
IonicRadius
PolarizingPower
(A)
(0)
W
-
-
Na+
0.951.05
K+
1.330.7
Cs+
6959
Mg2+
0.653 8
Ca
.2 2
B
1 4
Whenthe zeolite channelsare largeenoughto allow the free passageof CO
molecule,theretentionvolumeis relatedtotheelectrostaticinteractionof theCO molecule
withtheadsorptionsitesof thezeolite.Thestrengthof suchinteractiondependsmainlyon
thelocalelectrostaticfieldresultingfromtheionicnatureof thezeoliteframeworkandon
thepolarity(dipoleandquadrupolemoments)and/orpolarizability(induceddipole)of the
CO molecules[26].Breck[13]andBarrer[27,28]showedthatCO exhibitshighretention
volumein mostof the casesdue to its permanentdipole momentwhich is the most
importantelectricalcomponentof theoverallinteractionenergy.
Table3.4.Physicalcharacteristicsof CarbonMonoxide
Dipole
(Debye)
0.12 0.33
Polarizability
(A3)
1.60
KineticDiameter
(A)
3.76
CriticalDiameter
(A)
4.2x 3.7
3.3.Classificationof ZeoliteStructures
Thereareover45 knowndifferentframeworktopologiesfor naturalzeolites,and
nearly150synthetictypeshavebeenreported.Someof thenaturalzeolitesare:
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Analcime (HydratedSodiumAluminumSilicate)
Chabazite (HydratedCalciumAluminumSilicate)
Clinoptilolite(HydratedSodiumPotassiumCalciumAluminumSilicate)
Edingtonite (HydratedBariumAluminumSilicate)
Epistilbite (HydratedCalciumAluminumSilicate)
Erionite (HydratedSodiumPotassiumCalciumAluminumSilicate)
Goosecreekite(HydratedCalciumAluminumSilicate)
Gmelinite (HydratedSodiumCalciumAluminumSilicate)
Harmotome (HydratedBariumPotassiumAluminumSilicate)
Heulandite (HydratedSodiumCalciumAluminumSilicate)
Laumontite (HydratedCalciumAluminumSilicate)
Levyne (HydratedSodiumCalciumAluminumSilicate)
Mesolite (HydratedSodiumCalciumAluminumSilicate)
Mordenite (HydratedSodiumPotassiumCalciumAluminumSilicate)
Natrolite (HydratedSodiumAluminumSilicate)
Phillipsite (HydratedPotassiumSodiumCalciumAluminumSilicate)
Scolecite (HydratedCalciumAluminumSilicate)
Stellerite (HydratedCalciumAluminumSilicate)
Stilbite (HydratedSodiumCalciumAluminumSilicate)
Thomsonite (HydratedSodiumCalciumAluminumSilicate)
Thesenaturalzeolitescan be classifiedinto sevengroupsbasedon framework
topologyasgivenin Table3.5[13].
Table3.5.Classificationof zeolitesbasedon frameworktopology
Groups
SecondaryBuildingUnits(SBU)
1
Single,4-ring,S4R
2
6- i , 6
3
Double,4-ring,D4R
4
6 6
5
C mplex4-1,T5010 unit
6
5 8016
7
4-1,T 020u
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Anotherclassificationof zeolitesis basedonthestructuralvariationsaschain-like
structureswhosemineralsformneedle-likecrystalssuchasnatrolite,sheet-likestructure
wherecrystalsare flattenedwith basalcleavagesincludingheulandite,and framework
structureswherethecrystalsaremoreequalin dimensionsuchaschabazite.
3.4.Clinoptilolite
The group 7 zeolitesincludethe morphologicallylamellarzeolites;heulandite,
stilbiteandclinoptilolite.Samplesof heulanditestructurecanbe classifiedaccordingto
optical,thermaland other propertiesas heulandite,high-silicaHeulandite,low-silica
clinoptilolite(Ca-Clinoptilolite)andhigh-silicaclinoptilolite(Clinoptilolite).The minerals
withenhancedCa, Sr andBa contentwith respectto Na andK aretermedasHeulandite,
whiletheothersarecalledasClinoptilolite[22].
Clinoptiloliteis silica-rich memberof the heulanditegroup of mineralsand it
differsfrom heulanditeonly in framework and exchangeion composition,not 10
frameworkstructure.Themineraloccursin extensivedepositsthroughouttheworld.
Clinoptilolitecanberepresentedbythetypicaloxideformulaas:
(Na2,K2)0 . Ah03' 10Si02' 8H20
Unitcellcontentsof clinoptilolitiecanbeexpressedas:
(K2,Na2,Ca)30. (Al02)6. (Si02ho'24H20
The unit cell of clinoptiloliteis monoclinic(or obliquelyinclined)and usually
characterizedonthebasisof 72oxygenatomsand24watermolecules,withNa+,K+,Ca2+,
andMg2+as the most commoncharge-balancingcations. Representativeunit cell
parametersare a=1.762nm, b=1.791nm, c=O.730nm,f3=2.029 rad. [29] and the
correspondingunit cell volume is 2.091 nm3. Some of the structuralpropertiesof
clinoptilolitearegivenin Table3.6[13].
Becauseof thehigherSi fAt ratiofoundin clinoptilolite,it exhibitsthermalstability
to700°Cin air.The amountof waterlost below800°Cvariesfrom 7.8wt % for cesium
containingclinoptiloliteto about15.5%forMn, Li, andSr containingclinoptilolite.
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Table3.6StructuralPropertiesofClinoptilolite
SBU
Void Volume
FrameworkDensity
Dehydrated-Effectof Dehydration
LargestMoleculeAdsorbed
KineticDiameter,cr,A
Density
Si/Al
Unit 4-4-1
0.34cc/cm3
1.71gI cm3
Very stablein airupto 700cc
02
3.5
2.16glcm3
4.25- 5.25
Clinoptiloliteis assignedto thesameframework(BEU) in which 4-4-1 secondary
buildingunitsarejoined in a layer-likearrayas shownin Figure3.4The layersarejoined
tocreate8- and 10- memberedoxygenwindows.The 2-D channelsystemis apparentin
theclinoptilolite.ChannelA contains10- membering,channelB of 8 - membering is
parallelto channelA andchannelC of 8 - membering lies alongthecrystallographica
axisandintersectsbothA andB channels.Thesechannelsareshownin Figure3.5.
Figure3.4.Clinoptiloliteframework
system
c
La 10
810
8
C
8
C
8
C
A
BA
Figure3.5.Orientationof c1inoptilolitechannelaxes[30]
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Diffusion within a pore structure is composed of inaccessible regIOns
correspondingto the rigid framework,activesites,windows betweencagesand free
volumewithin a cage.Gas penetratesthe clinoptilolitestructurethrougha seriesof
intersectingchannelsalong the a and c axes,not alongb axis [30]. The approximate
channeldimensionsandcationsiteswherevariouscationscanbepositionedaregivenin
Table3.7[31,13]andillustratedin Figure3.6.
Table3.7.ChannelCharacteristicsandCationSitesin Clinoptilolite
Channel
TetrahedralRing Size!CationMajorApproximateCh nnelDimensions
ChannelAxis
SiteCations (mnx m)
A
101cM(I)Na, Ca 0.72x 0.44
B
8/cM(2C ,N 47 1
C
a3K 0.55x 0.40
A
I(4)Mg 0.72x 0.4
Figure3.6Main componentsin theclinoptilolitestructure[22].
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The type,number,locationof the cationsand relativesize of the channelsand
cationsmaycausevariousdegreeof channelblockageasshownin Figure3.7.
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Il 0
C
E..a.:••,""
••.M(3) &ite
b.M(4) site
•• ca.&O_
c. M (1),M(2) sites
Figure3.7.Channelblockagediagrams[30]
The channelblockageby cationsaffectsthe adsorptioncapacity,selectivityand
uptakeratesespeciallyfor a smallmoleculesuchaswatervapourasshownin Figure3.8.
Inthisfigure,thecaseA representstheeffectsof smallcationmoleculein the lattice,B
thatof largecationmoleculein the latticeand caseC thatof intermediatesize cation
moleculeinthelatticeonmolecularsievepropertiesof theclinoptilolite.
A
maticarionmolecule
in rIIe/attice
B
largecQrionmof~cule
c
Intermediatesize
cationmolecule
•water .Cation molecule
EFFECT OF IONIC RADIUS.
Figure3.8.Effectof cationandmoleculeradiuson
molecularsievepropertiesof clinoptilolite[32]
25
Thewindowsmayalsobeblockedby adsorbedmoleculesreducingtheprobability
ofpassagethroughthatwindow.The diffusivityis reducedmorestronglyby molecules
withintheintersections,sinceblockageof an intersectionprohibitspassagethroughfour
differentchannelsegments.
3.5.IndustrialApplicationsof ZeolitesandClinoptilolite
Zeolitesareoneof themostsuitablematerialsin environmentalpollutioncontrol,
separationscienceand technology.Zeoliteswere also employedas additiveto food
productsin orderto eliminateradiationfromcitizensexposedto theChemobyldisasterin
theformerSovietUnion [14].Otherinterestingapplicationsof zeolitesincludetheir uses
astalcumpowderandotherhealthproductsin Hungaryandasfeedto animalsfor weight
gainandhealthbenefits,alsoin paperandconcretein japandueto lightweight,flexibility,
excellentthermalandacousticproperties.Theusesof zeolitescanbecategorizedintofour
functionalgroups as ion exchange,catalyticapplications,water adsorptionand gas
adsorption.
3.5.1.Ion ExchangeApplicationsof Zeolites
The highly selectivecation exchangecapacitymake zeolite useful in some
applicationssuchas in detergents,controllingof cationsin watersystems,aquaculture,
agricultureand nuclearwastetreatmentprocesses.Ion exchangeprocessoccurswhen
watermoleculespassthroughthechannelsandporesallowingcationsin thesolutionto be
exchangedfor cationsin thezeolitestructure.Solutionstrength,pH, temperatureandthe
presenceof othercompetingcationsin thesolutioncanaffecttheion exchangeselectivity
andcapacity.Each zeolitemineralhasdifferentselectivityand capacityof exchangeof
internalcationsforothercationsdependingontheionandchanneldiameter.
Naturalzeolitessuchas chabazite,mordenite,clinoptilolitehavebeenfoundalso
suitablefortheremovalandrecoveryof cesiumandstrontiumradioisotopesin thenuclear
industry.Zeolitesarepreferredbecauseof theirresistanceto highdosesof radiationand
highselectivityin contrasto resinionexchangersthatloosecapacityandselectivityunder
irradiation.Zeolitecan removedangerousisotopeswhich is presentevenin very low
concentrations.
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The most importantion-exchangeapplicationof zeolites can be found in
detergents.Polyphosphateswerepreviouslyusedasbuildersbuttheyareharmfulto the
environment.Modemdetergentsusezeolitesasbuildersremovingcalciumandmagnesium
ionsfromthewashingwaterto preventheirprecipitationby surfactants.The synthesized
ZeoliteA is mainlyusedfor thispurposethatit hasnoharmfuleffectson theenvironment
butit isnotsuccessfulat removingMg+2ionsasCa2+ionsso somepolyphosphatesarestill
used.
The use of naturalzeolitesin aquacultureincludesthe removalof ammonium
resultedfrombiologicalprocessesof fish in fish farming,fishaquariaandin fishtransport
areas.Ammonium-basedfertilizersareemployedconventionallyto supplynitrogenas an
essentialnutriento crops.Excessamountof ammoniumsuppliedto cropsis notonlytoxic
tothecropby burningits rootsystems,butalsoharmfulto fish andaquaticlife increasing
thelevelof ammoniumin agriculturalwastewater.Properuseof naturalzeolitesmayhelp
inthesolutionof thisproblem.Zeolitesimprovecationexchangecapacityof sandysoils
resultingin lowerfertilizerrequirements.Theyreducetheneedfor nitrogenousfertilizers
byreducingbacterialnitrification,reducenutrientandfertilizerlossthroughheavyrains,
leachingandirrigation,resultingin lessenvironmentaldamagethroughwaterrunoff.
Anothermostwell knownuseof ion exchangecharacteristicof zeolitesis in water
softeners,in removalof calciumandmagnesiumionscausingproblemof scumto occurin
watertreatmentprocesses.Conventionally,quartzsandfilters are used for removalof
suspendedparticlesfromdrinkingwater.However,quartzsandis expensiveandhasa low
fine-trappingcapacity. Studieshaveshownthatquartzsandcanbe replacedby natural
zeolites[33, 34, 35, 36]. Due to high porosityof zeolites,especiallyclinoptilolite,
allowingoperationathighflow rates,theyaremoreappropriatefor useasfilter materials
thanquartz[36].Table3.8summarizespercentporosityof somefiltermaterials:
Table3.8.Porosityof filtermaterials[33,34,35]
Filtermaterial
Porosity
Maximum
..
mInImUm
Quartzsand
4338
Crushed ock
604
Mordenite
555
linoptil lite
250
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Clinoptiloliteis commonlyusedin wastewatertreatmentplantsdueto its selectivity
for one ion over others. The details of some wastewatertreatmentplants using
clinoptilolitecolumnsare given in Table 3.9 [15]. Researchresultshave shown that
clinoptilolitecanremovecolourandheavymetalionssuchasbarium,lead,cadmium,zinc
andcopperfromdyeingandotherindustrialwastewater.It is alsousefulto removeheavy
metalsfrom miningandmetallurgicalwastewatersby meansof zeolites. In wastewater
treatmentplants,theuseof clinoptiloliteincreasesthenitrogencontenti. e.,qualityof the
resultantsludgemakingit valuableas fertilizers.Regenerationandreuseof zeolitesare
alsopossible.
Table3.9.Useof c1inoptilolitein wastewatertreatmentplants
Locationof plant
ZeoliteusedPlantcapacityRegeneration
Rosemount,USA
Clinoptilolite0.6MGDaY s
Occoquan,USA
22.5MGDe
Virginia.,USATah e-Truckee,California.,USA
6MGD Yes
W.Bari,Italy
Clinoptilolite
10m3/hYesPhillipsite
Vae,Budapest,Hungary
Clinoptilo it tuff50m3/ da
Toba.,Japan
l8Not vail ble
Japan
500 3/ dayYes
Othermoregeneraltreatmentsusingc1inoptilolitearelistedin Table3.10.It seems
likelythattheuseof c1inoptilolitewill continueto expand[15].
Table3.10.Applicationof c1inoptilolitetotreatliquideffiuents
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3.5.2.CatalyticApplicationsof Zeolites
Clinoptilolite treatedwith acid and alkali solutionspromotemany chemical
reactionsuch as hydrogenation,dehydrogenationand dealkylation.Clinoptilolite can
catalyzecracking,toluenedisproportionationandisomerizationprocesses.Extremelyhigh
strengthacidsites,thermalstabilityandmolecularsievingpropertiesof zeolitesmakethem
moresuperiorthanothercatalystsfor a numberof chemicalreactions.At present,zeolite
catalystsarewidelyusedin theold USSR, USA andCanadain oil refineriesfor cracking,
hydrocrackingandisomerizationreactions[22].
3.5.3.Water AdsorptionApplicationsof Zeolites
Naturalzeolitespossessahighaffinityforwaterandtheycanreversiblyadsorband
desorbwaterwithoutchemicalor physicalchangein theirstructures.Thispropertymakes
themsuitablematerialsfor a low cost, efficient media for heat storageand solar
refrigerationapplications.
3.5.4.GasAdsorption
Zeoliteshave a high internalsurfaceareaavailablefor adsorptiondue to the
channelsorporesdistributedthroughouthevolumeof theadsorbent.Theexternalsurface
areaof the adsorbentparticlescontributesonly a small amountof the total available
surfacearea[13].Theabilityof zeolitesto adsorbmanygasesselectivelyis determinedby
thesizeof thechannelsrangingfrom2.5 to 4.3 A in diameterdependingon thezeolite
type.Specificchannelsizeenableszeolitesto actasmolecularsievesselectivelyadsorbing
suchgasesas ammonia,hydrogensulfide, carbon monoxide,carbondioxide, sulfur
dioxide,watervapour,oxygenandnitrogen.The type of zeolites i.e., the framework
structureandcomposition,cationicformandpurityof thezeoliteaffectstheefficiencyof
gasremoval.Thequantityof gasadsorbedalsodependson thepressure,temperatureand
thenatureofthegas.
Applicationscurrentlyunder study and developmentinclude air purification,
adsorptionof heavymetals,absorbentliningsin landfills,removalof radioactiveelements
fromwater.Withtheexpansionof molecularsievescience,moreinterestingusesof zeolite
areawaitingtobeexplored.Thefutureof zeolitescertainlylookspromising.
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3.6.World ZeoliteDemand
World syntheticzeolitecapacitytotaledapproximately2 million metrictons in
early1995andthemarketotaledapproximately$1.5billion in 1994.Sincemanytypesof
zeoliteshavebeenidentifiedor synthesized,onlya fewarecurrentlyusedcommerciallyon
asignificantscale.Totaldemandlevelfor buildingmaterialsis around2.4 million tones,
foragricultureis about800,000tones,and for ion exchange,adsorption,and catalyst
applicationsi around400,000tonesperyearin 1997.
The catalystsectorrepresentsthe largestsectoron a value basisand detergent
zeolitesthelargestonavolumebasisin NorthAmerica,WestEuropeandJapanin 1988as
showninFigure3.9.
Adsorbants
Desiccants
8%
Natural
Zeolites
ll%
Figure3.9. Zeoliteconsumptionasvolumedistribution
overapplicationareasinNorthAmerica,WestEuropeandJapanin 1988
Thelargestmarketfor zeolitesis catalyst,totallymorethan$ 500Mperyearin the
USA. However,the marketincreasesonly at 3% per year, principallyfor petroleum
cracking.Catalystdemandhasincreasedoverthepastfive yearsasa resultof thedecision
to produceunleadedgasolineand the consequentdevelopmentof octane-enhancing
catalysts.Consumptionin this applicationreachedalmost102thousandmetrictons in
1994.
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Zeolite A was developedas a replacementbuilder for use in regIonswhere
excessivefreshwatereutrophicationrates restrictedon the use of phosphate-built
detergentsin the late 1970s.Zeolite-built detergentpowders are being displaced
phosphate-containingdetergentsin boththeUnitedStatesandJapanandholdinga major
marketsharein WesternEurope. Although detergentzeoliteshave not been widely
commercializeddueto theirlow bulkdensities,it is expectedthatthetradewill increasein
thefuturein ordertoutiliseexistingcapacityto supplyanynewgrowthin marketsin Asia,
AustraliandLatin America.Totalzeoliteuseasa detergentbuilderin theUnitedStates,
Canada,WesternEuropeandJapanwas reportedas 906thousandmetrictons in 1994.
Syntheticzeoliteshavebeenusedas detergentbuildermarketoverthepast20 yearsbut
onlyin someregionsincludingWesternEurope,North AmericaandJapanwherestrict
restrictionsexistto useof phosphatein detergents.Therefore,the demandfor synthetic
zeoliteswaslimited.Worldwidedetergents-gradez olitescapacityutilizationis lessthan
60%of thetotalcapacity.Zeolitemanufacturersin USA arereportedto be operatingat
around80%of capacity,whilein Asia thisoperationcapacityis 64%.
Approximately55thousandmetrictonsof zeolite"molecularsieves"wasusedas
adsorbentsand desiccantsin 1994.The anticipatedsignificantgrowth in demandfor
adsorbent/desiccantdcatalystzeoliteswill be primarilyin Asia-PacificandtheMiddle
East.Demandfor naturalzeoliteshas increasedrapidly over the pastdecadeand it is
expectedtogrowhigherthanthatfor syntheticzeoliteswith forecastrateas 10% peryear
[37].
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CHAPTER 4
DIFFUSION IN ZEOLITES
Most adsorptionseparationprocessesdepend on differences in adsorption
equilibrium,butseparationsbasedonthedifferencesin theadsorption/desorptionkinetics
orthemicroporediffusivitiesarealsopossible.
In practicaloperations,maximumcapacityof adsorbentcannotbecompletelyused
duetomasstransfereffects,involvedin fluid-solidcontainingprocesses.Therefore,it is
necessaryfirstly to have informationon adsorptionequilibriumin order to estimate
dynamicadsorptioncapacity.Thenkineticanalysesareconductedbasedon rateprocesses
dependingontypesof contactingprocesses.
In practicalapplicationof adsorbents,theadsorbentis usuallycontactedby fluid
flowingthrouglra packedbed.The overalldynamicsof thepackedbedcontrolthedesign
anddeterminetheprocessefficiency.
4.1.Driving Force for Diffusion
Theratesof adsorptionanddesorptionin porousadsorbentsuchaszeolitecrystals
canbeexpressedmathematicallybyFick's Law:
(4.1)
whereJ is the molar flux due to diffusive transport,oq/&. is the intracrystalline
concentrationgradientalongthemicroporedistancex, andq is theconcentrationof the
adsorbediffusingspeciesin the porouszeolite medium.Dc(q) is the intracrystalline
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(Fickian)ditfusivitywhich is generallydependenton theconcentration.,but independent
of8q/axaccordingto Equation(4.1).Froma thermodynamicpointof view,a systemis at
equilibriumwhenthechemicalpotential,~, is constanthroughouthesystem.Thus,the
truedrivingforceof a transportprocessis thegradientof the chemicalpotentialof the
adsorbedspecies,aWOx,ratherthantheintracrystallineconcentrationgradient.Then,the
molarfluxcanbeexpressedas;
(4.2)
whereBe<:q) is themobilityparameter.If equilibriumwith an idealgasphaseis assumed,
thenthechemicalpotentialcanberepresentedby:
(4.3)
whereJ.lo is the standardstatechemicalpotential,R is the universalgas constant,T is
temperatureandp is thegasphasepressure.DifferentiatingEquation(4.3)with respecto
xyields:
SubstitutingthisequationintoEquation(4.2);
J=-D ( )dlnp8q
o q dlnq Ox
(4.4)
(4.5)
whereDo(q) isthecorrectedintracrystallinediffusivity.ComparingtheEquations(4.1)and
(4.5);
D =D ()dJnp
C 0 q dlnq
(4.6)
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Equation(4.6) indicatesthattheFickian diffusivityapproachesa limitingvalue,
Do(q),only when Henry's law is obeyed,i.e., d1.np/d1.nq= 1. However,the corrected
diffusivitymaystillbea functionof theconcentration.
Theseexpressionsrelatemolar fluxes and concentrationor chemicalpotential
gradients,but the ratesof adsorptionis expressedas concentrationchangeinside the
porousmediumasafunctionof time:
(4.7)
This expressionis knownasFick's secondLaw.
4.2.Resistancesto MassandHeatTransfer
There are several distinct resistancesto mass and heat transfer and the
determinationof which resistanceor resistancescontrolmasstransferrequiresdetailed
examinationof thekineticdatarecordedunderwell-controlledconditions.
Zeoliteshave a well-definedbimodalpore size distribution.Most applications
involvea fixedbedwithadsorbentparticlesasshownin Figure4.1.
Zeolite Crystal
- .•..._--
..... -..
Zeolite Crystal
ZeoliteParticle
containin Ct 'Stals
Sed of
Zeolite Particles
Figure4.1.Schematicdiagramof abedof compositeadsorbentpellets
containingzeolite,showingtheprincipalresistancesto masstransfer
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Theseparticlesare formedby combiningmany zeolite crystals.Each crystal
containsintracrystallinepores that are on the order of moleculardimensions.The
intercrystallinespacebetweentheparticlesformsanothersetof pores(macropores),which
aretypicallyof dimensionsof tenthsof a micron(Figure4.2).Primaryporosityis defined
by crystalmicroporesconstitutingthemaintransportchannelsandsecondaryporosityby
transferporesandmacropores.
Figure4.2.Schematicdiagramfor thebiporousadsorbentparticle[38]
Theadsorptionof moleculesoccursin threesteps:firsttheadsorbatemoleculesgo
fromthegas phaseto the adsorptionsiteswithin the adsorbenthroughthe gas layer
aroundtheadsorbentpellets,thendiffusein macroporesbetweentheporousparticles,and
attheenddiffusein microporeandmesoporeswithintheadsorbentcrystalsto adsorption
sites.Therefore,a biporousadsorbentof the typesketchedin Figure 4.2 offersdistinct
resistancesto masstransferas thediffusionalresistanceof themicroporesof thezeolite
crystals,and diffusional resistanceof the meso and macropores.In addition,when
adsorptionoccursfrom binaryor multicomponentfluid phase,theremaybean external
resistanceassociatedwithdiffusionthroughthelaminarfluid film.
Since adsorptionis in generalan exothermicprocessthe temperatureof the
adsorbentwill remainconstantonly when the rate of heatdissipationby conduction,
convection,and radiationis high relativeto the adsorptionrate. There are also three
distinctresistancesto heattransfer;conductionthroughmicro and macroparticlesand
convection/radiationfromtheexternalsurface.Thelatteris generallythemostimportant.
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4.2.1.Diffusion in Micropores
Diffusion within a pore structureIS composedof the inaccessibleregIons
correspondingto the rigid framework,activesites,windows betweencagesand free
volumewithina cage. Diffusion in microporesis dominatedby interactionsv~tweenthe
diffusingmoleculeand the pore wall. Steric effectsare important.Diffusion through
microporesoftenoccursasanactivatedjumpingprocessin whichtheadsorbatemolecule
jumpsfromoneadsorptionsiteto thenext.This processis characterizedby themicropore
(configurationalor intarcrystalline)diffusioncoefficient[38].
The microporediffusioncoefficientfor the diffusingmoleculeis relatedto the
zeolitepore geometryand size; zeolite composition(Si/AI ratio), type, chargeand
distributionof exchangeablecations,shape,size andpolarityof the sorbatemolecules;
concentrationf sorbatemoleculesandtemperature.It changestronglywiththemolecular
dimensionsof thesorbatemoleculeandthefreedimensionsof theopenings(6-, 8-, w-
and12-rings)throughwhich adsorbatemoleculesdiffuse.If the sorbatemoleculescan
occupybothwindowandcagesites,theprobabilityof passagethroughthatwindowwill be
prohibitedor greatlyreducedby thepresenceof a moleculewithin a window site.The
diffusivityis reducedmorestronglyby moleculeswithintheintersections,sinceblockage
ofanintersectionprohibitspassagethroughfourdifferentchannelsegments[13]'
4.2.2.Diffusion in Mesopores
Within the mesoporerange,the role of surface is relatively less important.
Diffusionthroughtheseporesusuallyoccursby moleculardiffusionor Knudsendiffusion,
dependingon theconditionsandtherelativesizeof poreto themeanfreepathlengthof
thediffusingmolecule.Thebulkor moleculardiffusionmechanismoccurssincecollisions
betweenthediffusingmoleculesoccurmorefrequentlythancollisionsbetweena diffusing
moleculeandtheporewall.Knudsendiffusionis generallymoreimportantbuttheremay
alsobesignificantcontributionsfrom surfacediffusionandcapillaryeffects.When the
meanfree path is comparablewith the pore diameter,both of those collisions are
significantanddiffusionoccursby thecombinedeffectsof bothmolecularandKnudsen
diffusionmechanisms[38].
36
4.2.3.External Film Resistance
Besidesthe internaldiffusionalresistances(microporeand mesoporediffusional
resistances),thereexistsexternalresistanceto masstransferwhenthereis morethanone
componentin thefluid phase.This arisesdueto thefactthatthesurfaceof anadsorbent
particleis alwayssurroundedby a laminarboundarylayerthroughwhichtransportcan
occuronlyby moleculardiffusion.Significanceof theexternalfilm resistancedependson
thehydrodynamiconditions.In general,for porousparticles,thisexternalresistanceto
masstransferis smallerthantheinternalporediffusionalresistancebutit maystillbelarge
enoughtohavea significanteffectonmasstransfer[38].
4.3.RelativeSignificanceofMassandHeatTransportParameters
Relativeimportanceof internalandexternalmassandheattransferesistancescan
bedeterminedby theBiot numbersfor mass,(Bi)m,andheat(Bi)h,transferrepresenting
theratioof internal-to-externalgradientsandaredefinedby:
(4.8)
hRp
(Bi)h = 31s
(4.9)
2mp 2M
or intermsof Sherwood(Sh=--) andNusseltnumbers(Nu=--p ):
Dm Ag
(4.10) (Bi) =Nu A-g
h 6 A-s
(4.11)
whereAg isthermalconductivityof gasphaseandAs is thermalconductivityof solid.Since
Sh~2andDp~DmI't,heminimumvalueof(Bi)mis givenby't/3E(~3.0).Thus,evenunder
thesextremeassumptionsthe internalconcentrationgradientis greaterthantheexternal
gradient.Undermostpracticallyrealisableconditionstheintraparticleresistanceis more
importantthanfilm resistancein determiningthe masstransferrate.Assumingthatthe
temperatureis uniformthroughoutan adsorbentparticle,the major resistanceto heat
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transferliesin theexternalfluid film ratherthanwithintheparticle.For a gaseoussystem,
VAg-102_103 so at any reasonableReynolds number(Bi~~1.0, indicatingthat the
externaltemperaturegradientis muchgreaterthanthe temperaturegradientwithin the
particle[39].
Internalmasstransfermechanismsdependonthechannelgeometryandthenature
ofdiffusingmolecules,theirinteractionswith eachotherandwith thesurrounding.In any
particularsystem,thenatureof thecontrollingmechanismmaygenerallybeestablishedby
varyingexperimentalconditions,for example,varying the sizes of crystalsand the
particles,micropore and mesopore diffusion resistancescan be distinguished
experimentally.
A singleeffectivediffusioncoefficientis not enoughto characterizethe mass
transferwithin an adsorbentparticlewith a bimodalpore size distribution,when the
contributionsfrombothporesystems,microporesandmacropores,occur[40].Depending
ontheparticularsystemand the conditions,eithermacroporeor microporediffusion
resistancesor morethan one resistancemay control the transportbehaviouror both
resistancesmay be significant.The relativeimportanceof microporeand macropore
resistancesdependsontheratioof thediffusionaltimeconstants,(DJr/)/(Dp/R/), where
Dpismacroporediffusivity;rcandRp arecrystalandparticleradii,respectively.
Therefore,thediffusionmustbe describedin termsof effectivediffusivity.In this
case,the kinetic data is interpretedwith a model including both "micropore" and
"macropore"diffusionalresistances.
4.4.Methodsof MeasuringTransportDiffusivities
Measurementof transportdiffusivitiesincludesdeterminationof the resultant
molecularfluxesof thesystemwhichis subjectedto nonuniformconcentrationof sorbate.
Thesemeasurementsmay be performedunder steady-stateconditionsin which the
concentrationgradientis keptconstantduringtheexperimentor undertransientconditions
inwhichtheconcentrationgradientandtheresultingfluxesvarycontinuouslyduringthe
measurement.The latermeasurementis calledasdirectmeasurement,sincethediffusivity
iscalculatedirectlyfrom theexperimentallymeasuredquantities.The mostcommonly
usedexperimentaltechniquesaregivenin Table4.1 [38].
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Table4.1.SomeExperimentalMethodsforMeasuringTransportDiffusivities
I. Steady-StateMeasurementTechniques
Wicke-KallenbachMethod
MembraneMethod
II. TransientMeasurementTechniques
NMR Technique
TracerExchangeMethod
UptakeRateMethods
BatchMethods(eg.Gravimetric,volumetric)
Flow Methods(eg.Chromatography,ZLC)
Therangeof intracrystallinediffusivitiescanbedeterminedexperimentallyandis
boundedbybothupperandlowerlimitsdueto practicalconsiderations.
4.4.1.Steady-StateMeasurementTechniques
4.4.1.1.Wicke-KallenbachMethod
This is a steady-statemethodof measuringtransportdiffusion in microporous
solids.A streamof carriergascontaininga smallconcentrationof thetestgaspassesover
onefaceof thepelletwhilepurecarrieris passedovertheotherface.Thepressuresatboth
facesof thepelletareequalizedby differentialpressurecell to provideefficientmixing.
Thecompositionand flow rateof the gas streamsleavingboth sidesof the cell are
monitored,thentheeffectivediffusivity,Deffcanbecalculatedfrom:
J=D ~c
eff t
p
(4.12)
whereAc is theconcentrationdifferencebetweenthetwo facesof thepelletandtp is the
pelletthickness.Theapparatusis shownin Figure4.3[38].
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Figure4.3.SchematicdiagramshowingtheWicke-Kallenbachapparatus
It is possibleto measurethe relativecontributionof Knudsenand molecular
diffusionby makingmeasurementsover a rangeof concentration.However,effective
intraparticlediffusivitydeterminedby the Wicke-KallenbachMethodis usuallysmaller
thanthevaluesdeterminedfrom transientuptakeratemeasurements,inceblind pores
contributingto the flux in a transientmeasurementmakeno contributionin this system.
Moreover,the measurementof micropore diffusivity by this techniquehas some
diffucultiessuchasmountingandsealinga singlezeolitecrystal.
4.4.1.2.MembraneTechnique
In this method,a membranemadeup of a largesinglezeolitecrystalof a few
hundredmicronin size andof thicknessL is mountedin a metalplateand sealedwith
epoxyresin.After activationof thezeoliteby heatingin vacuum,the inflow sideof the
membraneis exposedto diffusinggasat a constantpressure.Experimentalsetup for this
methodisgivenin Figure4.4[38].
Figure4.4. Schematicdiagramof themembranetechnique
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Themicroporediffusivitycanbedeterminedby monitoringtheincreasein pressure
withtimein theconstantvolumecellattheoutflowsideof themembrane.Sincethemolar
fluxesthroughthe membraneare extremelysmall,a steady-stateapproachis generally
valid.Themembranetechniqueis onlysuitablefor zeolitetypesallowingthesynthesisof
verylargesinglecrystals.However,theperfectnessof thesecrystalsis questionable.
4.4.2.TransientMeasurementTechniques
4.4.1.1.NuclearMagneticResonance(NMR) Method
NMR techniqueprovidesmoreconvenientmethodfor the measurementof self-
diffusivitiesascomparedto thetracerexchangemethod.A pulsedmagneticgradientfield
isappliedto a samplein whichthenuclearspinsareexcitedby a radiofrequencymagnetic
pulseof suitabledurationandintensity.Thenuclearspinspreceedwithanangularvelocity
determinedby thepositionof themoleculeat timezero.After a knowntimeintervalthe
gradientpulseis reversed.If therewereno diffusion,thesecondgradientpulseis exactly
counteractingtheeffectof thefirst pulse.However,asa resultof molecularmigrationthe
cancellationis incompleteand squarethe displacementduringthe known time interval
betweengradientpulses.Nuclearmagneticresonancerelaxationtimesarerelatedto the
motionof molecules,i.e., molecularmobility,which is expressedin termsof the self-
diffusivity.Therefore,theself-diffusivityvaluecanbeestimatedfromtheknownaverage
jumplength.Schematicdiagramof thesystemis shownin Figure4.5[38].
(]radient
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Figure4.5.SchematicdiagramshowingtheprincipalfeaturesofNMR method
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Themethodhasthedisadvantageof beingrestrictedto themeasurementsonly for
speciesuchashydrocarbonswhichcontaina sufficientlyhighconcentrationof unpaired
nuclearspins.In addition,themethodis limitedto themeasurementof self-diffusivitiesfor
relativelyrapidlydiffusingsystems(D >~10-8cm2/s). In themodifiedtypeof theNMR
techniques,theself-diffusivityis measuredirectlyandthejumplengthis notneeded.
4.4.2.2.TracerExchange
By thismethod,usingisotopicalylabelledspecies,it is possibletomeasuretheself-
diffusivities.The adsorbentparticleis exposedto a changein the concentrationof an
isotopicallylabelled tracer at constanttotal sorbentconcentration.This method is
particularlyconvenientwhenoneof the isotopesis radioactive.Nonradioactiveisotopes
mayalsobe used if the progressof the exchangeis followed by massspectrometer
analyzingthesurroundingvapour[38].
4.4.2.3.UptakeRateMeasurements
The uptake rate measurementmethodsfor determinationof intraparticleor
intracrystallinediffusivitiesinvolvemeasurementof the sorptionratewhena sampleof
adsorbentis subjectedto a stepchangein the surfaceconcentrationor pressureof an
adsorbablespecies.Thenthediffusivitymaybedeterminedby matchingtheexperimental
uptakecurveto the appropriatetransientsolutionof the Fick's secondlaw equation
(Equation4.8)fortherelevantboundaryconditions.
In applyingthis methodto the measurementof intracrystallinediffusivities in
zeolites,theadsorbentsampleshouldbeassmallaspossiblein orderto minimizeexternal
masstransferesistances.The contributionof externalmasstransferresistanceshouldbe
checkedby changingtheadsorbentamount.Also, it is requiredto testtheimportanceof
intracrystallinediffusion by varying the crystal size. The systemlinearity should be
verifiedvaryingthe concentrationstep size and measuringboth adsorption/desorption
curves,incefor a linearsystem,theuptakecurveshouldremainthesame.
Uptake rate methodsprovide a straightforwardway for the estimationof
intraparticleor macroporediffusivities,sincetheintrusionof heattransfereffectsmaybe
eliminatedby the use of sufficiently large adsorbentparticles and the effect of
nonlinearitiesmaybeeliminatedby makingtheexperimentalmeasurementsovera small
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differentialconcentrationchange.Ontheotherhand,theinterpretationof theexperimental
datais lessstraightforward.
4.4.2.4.GravimetricMethod
In thismethod,anadsorbentsampleoutgassedathightemperaturein vacuumprior
totheadsorptionrun,is subjectedto astepchangein sorbatepressureattimezero,andthe
changein the weight of the adsorbentis recordedas a function of time using a
microbalancesystem.The pressureof thesorbateis keptconstantduringtheexperiment.
Simplifiedset-upfor gravimetricmeasurementsis givenin Figure4.6.
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Figure4.6. Set-upforgravimetricmeasurements
In order to reducethe effectsof bed diffusion and heat transfer,amountof
adsorbentsamplesizeshouldbekeptaslow aspossible.It is requiredto varytheadsorbent
weight,particlesizeandcrystalsizein orderto separatethecontributionsof thevarious
diffusionresistances.However,the interpretationof the transientcurveobtainedby the
gravimetricmethodmaybetoocomplicated.
4.4.2.5.Volumetric(Uptake)Method
As in thegravimetricmethod,thevolumetricmethodinvolvessubjectinga zeolite
sampleto a stepchangeat zero time.The pressureof the sorbateis variedduringthe
experimentandthe reliablemeasurementsof this changein pressureis recordedas a
functionoftime. A simplifiedset-upforvolumetricexperimentsi shownin Figure4.7.
43
to high
vacuum line
Zeolite
Somenf
Microburette with
liquid sorbate
Figure4.7.Setupfor volumetricmeasurements
The variationof sorbatepressureduring the uptakeexperimentsmakes the
analyticalsolutionof thediffusionequationcomplex.No simple,straightforwardanalytical
solutionsareavailable.
4.4.2.6.ZeroLengthColumn(ZLC)Method
TheZLC measurementsarecarriedoutunderlimitingconditionsof highflow rate
tomaintaina verylow sorbateconcentrationat theexternalsurfaceof theparticlessuch
thathecolumnbehaveasa differentialbed.The initialsorbateconcentrationis keptlow
withintheHenry'sLaw region,sothedesorptionratecurvescanbeinterpretedsimply.Set
upforZLC methodis shownin Figure4.8[38].
Figure4.8.SetupforZLC measurements
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The ZLC methodnot only hastheadvantageof good heattransferand external
masstransferof thechromatographicmethodbut alsoeliminatestheproblemthatarises
fromaxialdispersion.The absenceof significantextracrystallineresistancecanbetested
usingtwodifferentcarriergaseswith differentmoleculardiffusivitiesandby varyingthe
purgeflowrate.
The applicabilityof theZLC methodis limitedto zeolitesampleshavingcrystals
largerthana fewmicrometersin size,sincethehighpurgeflow ratesis requiredin orderto
maintainisothermalconditions.
4.4.2.7.Chromatography
In the chromatographicmethod,the mass transfer resistanceIS determined
measuringthedynamicresponseof a columnto a pulseof a sorbateatthecolumninlet.
Duringthe measurementsa flow of an inert carrieris passedthrougha small column
packedwiththeadsorbentunderstudy.At timezeroa smallpulseof sorbateis injectedat
thecolumninlet and the effluentconcentrationis monitoredcontinuously.Schematic
diagramfor chromatographis givenin Figure4.9.
oven column
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Figure4.9.Schematicdiagramof agaschromatograph
Themeanretentiontimeis a measureof theadsorptionequilibrium(Henry'sLaw
constant)whilethedispersionof theresponsepeakis determinedby thecombinedeffects
ofmasstransferesistanceandaxialmixingin thecolumn.By conductingmeasurements
overa rangeof conditionsit is possibleto separatethe contributionsto the peak
broadeningfrommasstransferesistanceandaxialmixing.
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Performingtheexperimentsat low concentrationswithin theHenry'sLaw region
oftheisothermsimplifiestheinterpretationof thedata.In thisregionof theisotherm,the
retentiontimebecomesindependentof thesizeof thesorbatepulse,so changingthepulse
sizethevalidityof linearityassumptioncanbechecked.
Chromatographicmethod offers simplicity and rapidity in producing data,
suitabilityfor highertemperatureandpressure,applicabilityin awiderrangeof diffusivity
valuesandin low sorbateconcentrationmeasurementshanthemoreconventionalstatic
(gravimetric,volumetric)methods.Furthermore,externalmassandheattransfereffectsare
minimized,sincethecarriergascontinuouslypassesthroughthepackedbed.The method
canbe appliedover the entireconcentrationrange.Moreover the equilibriumis not
affectedsince the pulse size is small. However,the methodis limited to the low
concentrationregion, if the moment method will be used for analysis of the
chromatographicdata.Also, asthechromatographicmethodmeasuresonly thetotalmass
transferresistance,the measurementsshouldbe carriedoutunderdifferentexperimental
conditionsto separatethecontributionsfromfilm, macroporeandmicroporeresistances.
In this study,the chromatographicmethodwas found suitablefor determinationof
microporediffusivityof carbonmonoxidein clinoptiolitedueto itsadvantages.
4.5.MathematicalModel for a ChromatographicColumn
Transportpropertiescan be obtainedusing chromatographyby comparingthe
experimentalpeaks with mathematicalmodels to obtain equilibrium and transport
parametersbychromatographicmethod.Gasflow througha packedcolumnis generally
representedby theaxiallydispersedplug flow model.A carriergascontainingadsorbate
concentrationof c (z,t)flowsthroughthiscolumn.Thedifferentialmassbalanceequations
foranelementandfor anadsorbentparticlewithin thiselementarederivedfroma mass
balanceontheelementof thecolumnthatis shownin Figure4.10[38],as;
82c 8 ft iX[-D &-+&-(vc)+&-+(1-&)-=O
L &2 Oz 8t a- (4.13)
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Figure4.10. Massbalanceona differentialelementof thechromatographiccolumn
If thesystemis isothermal,thepressuredrop is negligibleandthe concentrationof the
adsorbateis small, the gas velocitycan be assumedconstantthroughthe columnand
Equation(4.13)reducesto:
(4.14)
Theaq/8t:ermrepresentsthelocalmasstransferrateaveragedoveranadsorbentparticle.
Toobtainthedynamicresponseof thesystem,c=c(z,t),Equation(4.14)mustbe solved
simultaneouslywiththemasstransferateexpression:
8q
= f(c,q)at (4.15)
whereq isadsorbedphaseconcentrationaveragedoveranadsorbentparticle.Therelevant
boundaryconditionsforpulseperturbationto initiallysorbate-freecolumnareasfollows:
C (z,O)=q (z,O)=0, c (O,t)=CoD (t) (4.16)
whereCo is the initial sorbateconcentration10 the bulk phase.In chromatographic
measurementsof intraparticlediffusivities,since the sorbateconcentrationperturbation
(sizeof the pulse) is small, linear systemsare concernedso that the equilibrium
relationshipcanbeexpressedintheformof;
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+q =Kc (4.17)
whereq* is theadsorbedsorbateconcentrationat equilibriumandK is thedimensionless
Henry'slaw constant.Transportpropertiescanbeobtainedby comparingtheexperimental
responsepeakswith a mathematicalmodelto obtainequilibriumandtransportparameters
bychromatographicmethodeitherbymomentmethodorbytimedomainanalysis.
4.6.PerturbationChromatography
In perturbationchromatography,a sorbate!freecolumn is initially broughtto
equilibriumwith a flowing pure or multicomponentcarriergas. Then the systemis
perturbatedby eithera pulseof thepureadsorbateor a pulseof theradioactiveisotopeof
oneormorecomponents.The formeris referredto astheconcentrationpulsemethod,the
latterasthetracerpulsemethod.
The concentrationpulsechromatographytechniqueinvolvesinjectionof a small
amountof singleor multi-componentgas mixturecarriedby pure or multicomponent
carriergastothecolumnandmonitoringthedetectoroutputasa functionof time(Figure
4.12).Theperturbationcanbeperformedaseithera stepchange(stepinput)or asa small
pulseof sorbateat the column inlet (pulse input). The responseto a step input is
commonlycalledthebreakthroughcurvewhile thepulseresponseis oftenreferredto as
thechromatographicresponse.As longastheperturbationis small,thetechniquecanbe
usedfor highconcentrations.Exactlythe sameinformationmay be derivedfrom the
responseto eitherinputandthechoiceis thereforedeterminedby practicalconvenience
ratherthanbymorefundamentaltheory.
The chromatographicresponsepeaks obtained(illustratedin Figure 4.13) are
processedand integratednumericallyto determinethe first and second moments.
Information adsorptionequilibriumandkineticscanbeobtainedthroughmathematical
analysis.The analysiscan be accurateonly under the conditionsof low sorbate
concentration,isothermaloperation,axially dispersedplug flow regimein the column,
instantaneousequilibriumbetweenthesorbatecontainingcarriergasandadsorbentphases
forbothconcentrationandtemperatureand negligiblepressuredrop acrossthe packed
column.
48
c c
LL .'
I I
~ ~~, ,-~-, ~
fL: Retentionllme
a : Standard Variation
Figure4.11.Pulseinjectionandresponsepeak
tR
h
Time
Figure4.12.Chromatographicresponsepeak.
However,HyunandDanner[41]haveshownthatevenunderidealizedconditions
themathematicalnalysisof the data can not be accuratelyachievedfor mixtures
containingthreeor morecomponents.The resultsobtainedby usingthis methodhave
beenshowntobeclosetothosebythedynamicandstaticmethods.
If thetimeof passagethroughthe columnis shorterthanthe timeconstantfor
2
microporediffusion(I;~),the adsorbatemoleculespenetrateonly the macropores.c
Therefore,a Gaussianresponsepeakis obtainedwith a meanretentiontimeequalto the
hold-upinthemacroporesandtheintraparticlevoid space,t::::~[c +(1-c)c lThe symbol
EV P
ofrcrepresentthecrystalradius,E andEp representbedandparticleporosity,respectively,
andv isinterstitialvelocityof thecarriergas.
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If the timeof passagethroughthe columnis longerthanthe time constantfor
2
macroporediffusion(Rp ), where.Rp is particleradiusandDp is porediffusivity,the
15&~p
adsorbatemoleculeswill completelypenetrateinto the micropores.Thus, a nearly
Gaussianresponsepeakis observedwhichis centeredonthemeanretentiontime,asgiven
by ,u=~[l+C~&)K].If thetimeof passageis comparableto themicroporetimeconstant,
thenthestronglytailedresponsepeakis obtainedwiththemaximumlocatedbetweent and
- L [ 1-& Jt =EV I+(-;-)K .Thesethreecaseswerereportedby SarmaandHaynes[42]for diffusion
ofArgonin 3A, 4A, andSA zeolitesasshownin Figure4.13.
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Figure4.13.Experimentalresponsecurvesfor AT in a He carrier,measuredundersimilar
conditionsin columnspackedwith 3A zeolitepellets(no penetrationof themicropores),
4A zeolitepellets(slow penetrationof themicropores,a tailedresponse),andSA zeolite
pellets(negligiblemicroporeresistance)[42].
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4.7.The MomentMethod
The momentmethodis the simplestand straightforwardway of analyzingthe
chromatographicdata.Thefirststatisticalmomentof thechromatographicresponsepeakis
ameasureof how stronglythegasis adsorbedandcanbecalculatedfromtheexperimental
concentrationversustime curve.At infinite dilution,the meanretentiontime which is
directlyrelated to the equilibrium constantis called as Henry's Law Constant.
Furthermore,thebroadeningof theresponsepeakis theresultof combinedeffectsof axial
dispersionand masstransferresistances.As masstransferresistanceincreases,broader
peakis obtained.The first and secondmomentsof the responsepeak can be directly
calculatedfromnumericalpeakdatabyintegratingthefollowingexpressions:
'"
J tc(t)dt
tR,paclad
=0 (4.18)'"
c(t)dt0
<Xl
f (t - fJ)2 c(t)dt
2 0
(j paclad=--<Xl----
f c(t)dt
o
(4.19)
wherec(t)is thegasphaseconcentrationmeasuredbythedetector,tR,packedand<?packedare
experimentallydeterminedfirstandsecondmomentsof theresponsepeak,respectively.
Thesemomentscontainalsocontributionsdueto non-columneffects,i. e.,gasflow
betweentheinjectorand the columninlet, betweenthe outletof the columnand the
detector.Thesedeadvolume termsare representedby temptyand <?empty,and the net
moments(~and<?)arecalculatedfromthefollowingexpressions[43]:
f.l =tR,packed- tR,empty
2 2 2
(j = (T packed- (T empty
(4.20)
(4.21)
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Haynesand Sarma[40] havedevelopedmomentexpressionsfor concentration
pulsechromatographyat infinitedilutionregion.Theseequationsarevalid for a bidisperse
systemof sphericalparticles:
(4.22)
(4.23)
whereL is the columnlength,v is the interstitialvelocityand K is the dimensionless
equilibriumconstantexpressedin termsof pore volume(molesadsorbedper unit pore
volume/molesper unit volumein gasphase)or Henry'sLaw constant.Equation(4.22)
revealsthat the retentiontime of a pulse is approximatelyproportionalto both the
equilibriumconstantandtheresidencetimeof a carriergas(L/v). Temperaturedependence
of theHenry'sLaw constantobtainedat varioustemperaturesi givenby thevan'tHoff
equationas:
K=Koex{-:~o)
whereKo is pre-exponentialfactorand.1Uo is theinternalenergychangeof adsorptionat
low concentrationwithin the Henry's law region.Ko and .1Uo are derivedfrom the
interceptandtheslopeof thevan'tHoff plot (semi-logK versusliT), respectively.Then
Lillo, limitingheatof adsorption(isostericheatof adsorption,heatof adsorptionat zero
coverage)canbecalculatedas;
(4.24)
whereT istakenasthemeanof theexperimentaltemperaturerange.FromEquation(4.19),
thegeneralformof thesecondmomentfor abiporousadsorbentcanbeexpressedas;
(4.25)
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For gaseous ystems,sinceK is oftenlarge,E/(l- E)K is smalland(K-Ep)/K2 ~l/K,
thusEquation(4.25)is simplifiedto;
(4.26)
In orderto determinethe microporediffusivity,othermasstransfercontributions
mustbe estimated.Experimentalconditionsshould be chosensuch that micropore
diffusionis thedominantmechanismfor masstransport.
The first term on the right-handside of the Equation (4.26) standsfor the
contributionfromaxialdispersion.Axial dispersionof a gasthrougha packedcolumncan
berepresentedby;
(4.27)
wherev is the interstitialvelocity,Dm is moleculardiffusivity,'tL and J3 areconstants,
typically'tL=0.7and(3=0.5.Sinceat low Reynoldswhereaxialdispersionoccursprimarily
bymoleculardiffusion,DL is approximatelyindependentof velocity.
Relativeimportanceof molecularor Knudsendiffusivityin macroporesis largely
determinedbytheaveragediameterof themacropores.Themacroporediffusionresistance
arisesfromcollisionsbetweendiffusingmolecules.Moleculardiffusionis the dominant
mechanismif themeanfreepathof thegasmoleculeis smallerthantheporediameter.The
meanfree path (A.) is defined as the averagedistancetravelledbetweenmolecular
collisionsandcanbeestimatedfromtheexpressionbyCunninghamandWilliams[44]:
(4.28)
wherekB is Boltzmanconstant,(Jjj is thecollisiondiameterof thediffusingmolecules.In
smallporesand at low pressure,the meanfree path becomesgreaterthan the pore
diameter.
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Under theseconditionsdiffusing moleculescollide with the pore walls more
frequentlythantheycollidewith eachother.In thiscaseKnudsendiffusionpredominates
inthemacroporeandKnudsendiffusivitycanbecalculatedas:
(4.29)
whereDK is the Knudsendiffusivity, r is the meanmacroporeradiusand M is the
molecularweightof thediffusingmolecule[38]:
Themacroporediffusivity(Dp) canbeestimatedas:
D =D 970arJTp K M (4.30)
Ontheotherhand,moleculardiffusionbecomes ignificantin largermacropores.If
transportwithinthemacroporesoccursonlyby moleculardiffusion,theporediffusivityis
givenby:
D =Dm
P T
(4.31)
wheret is the tortuosityfactor in which effectsof pore orientation,size variationand
connectivityon diffusionarelumped.Experimentalmacroporetortuosityfactorsreported
generallylie in the rangeof 1.7 to 6 [39]. Tortuosityfactor is typically3 for straight
cylindricalpores.
In the transitionregIOn,whereboth mechanismsare significantIII macropore
diffusion,theporediffusivitycanbecalculatedaccordingtotheequation;
(4.32)
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Dm canbeestimatedbytheuseofChapman-Enskogtheory[45]:
(4.33)
whereM1 andM2 aremolecularweightsof thediffusinggasesandP is thetotalpressurein
atm u ==!(u +(2) is the collision diameter from the Lennard-Jonespotential,
12 2 1
n==f(~) where &'=~&1&2is theLennard-Jonesforce constant.Theseconstantsare
kBT
givenin Table4.2[96].
Table4.2.Lennard-Jonesconstantsfor thecarriergas(He)andfor adsorbate(CO)
Substance crl (A)F,'j k (K)
He
2.55110.22
CO
3.6909 .7
Besidesthe internaldiffusionalresistances(microporeandmacroporediffusional
resistances),thereexistsexternalresistanceto masstransferwheneverthereis morethan
onecomponentin the fluid phase.This arisesdue to the fact that the surfaceof an
adsorbentparticleis always surroundedby a laminarboundarylayer throughwhich
transportcanoccuronlybymoleculardiffusion.
Significanceof the external film resistancedependson the hydrodynamic
conditions.In general,for porousparticles,this externalresistanceto masstransferis
smallerthantheinternalporediffusionalresistancebutit maystill belargeenoughto have
asignificanteffecton masstransfer.The capacityof thefluid film is smallerthanthatof
theadsorbentparticle,thusthereis verylittleaccumulationof sorbatewithinthefilm.This
impliesa constantflux anda linearconcentrationgradientthroughthefilm. The external
filmresistanceisgenerallycorrelatedin termsof dimensionlessnumbersof thetype[39]:
k(2R )
Sh== P =f(Re,Sc)
Dm
(4.34)
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For anisolatedsphericaladsorbentparticlein a stagnantfluid, Sherwoodnumberis
equalto 2. At low Reynoldsnumbers,theexternalfilm masstransfercoefficientmaybe
estimatedas:
2kR
Sh=--P
Dm
kR
or -p ~l
Dm
(4.35)
whereRp is theparticlediameter.
RanzandMarshall[46]suggestedthefollowingexpressionfor thedeterminationof
theSherwoodnumberfor packedcolumns:
2R k
Sh=-_P- =2+0.6Sc0.33Re0.5
Dm
f.l 2pvcR
whereScis SchmidtnumberSc=--andRe is ReynoldsnumberRe = I P
tDm f.l
(4.36)
The contributionsfrom mass transferresistanceand axial dispersioncan be
separatedby measurementsovera rangeof fluid velocities.Consequently,themicropore
diffusioncoefficientis calculatedby subtractingthe contributionsof axial dispersion,
externalmasstransferandmacroporediffusionalresistancefrom the overalldispersion.
Reliablevaluesfor themicroporediffusivitycanonlybeobtainedwhenit is thedominant
masstransfermechanism.
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CHAPTER 5
PREVIOUS STUDIES
This chapteris dedicatedto reviewthepreviousstudieson adsorptionkineticsand
equilibriumperformedby gas chromatography.The ftrst section deals with the
developmentandapplicationof chromatographicmodelsfor determinationof equilibrium
andkineticparametersin gas-solidsystems.Then,theexperimentalstudiescarriedoutto
studythe effectsof regenerationconditionsand structuralpropertiesof zeoliteswill be
reviewed.
5.1.AdsorptionEquilibrium andKinetic Models
A mathematicalmodel is requiredto analyzeand interpretthe data from a
chromatographicexperiment.The adsorptionkineticandequilibriumparameterscanthen
bederivedby matchingthe experimentallydeterminedresponsepeaksto the model
parameters.Chromatographicprocessescanbedescribedtheoreticallybytheplateandrate
theories.The platetheoryassumesthatequilibrationis inftnitelyfast.The ratetheoryis
morerealisticdescriptionof theprocessesinsidea columnandconsidersthetimetakenfor
thesoluteto equilibratebetweentheadsorbentandcarriergas.
The first scientistto recognizechromatography,as an efficient methodof
separationwastheRussianbotanistTswett,who employeda primitiveformof liquidsolid
chromatographyto separateandisolatevariousplantpigmentsin the late 1890s.Martin
andSynge[53]wereftrstto usechromatographyfor physicochemicalmeasurements.They
developeda theoryfor solutemigrationthrougha chromatographicolumn.The plate
theory,in whichthecolumnis representedasa seriesof hypotheticalwell-mixedstages,
wasintroducedin their study.In 1952,LapidusandAmundson[102]first appliedrate
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theory to chromatographicsystems.They solved the columnmass balanceequation
analyticallyincludinganaxialdispersionterm.
Van Deemteret al. [47] comparedtheresultsof theplateandratetheoriesand
developedsimplemodel.This modelassumeda linearisotherm.It is basedon singlepore
diffusivityand correlatesthe sourcesof bandbroadeningto thetheoreticalplateheight
(H.E.TP.) andcarriergasvelocityas:
H.E.TP. =A +B/v +Cv (5.1)
wherev is interstitialcarriergasvelocity.The constantsA, B andC canbe relatedto the
sourcesof bandbroadening;eddydiffusion,moleculardiffusionandresistanceto mass
transfer,respectively.They analyzedtheirexperimentaldataby plottingH.E.TP. versus
thecarriergas velocity.C was determinedfrom the limiting slopeat high carriergas
velocitiesandrelatedto themoleculardiffusioncoefficient,Dmandtheeffectivediffusion
coefficientin theporousadsorbent,Deff.
Ma and Mance! [51] appliedthe equationdevelopedby van Deemteret al.
(Equation5.1)to obtaineffectivediffusioncoefficientsof CO2,NO, N02 andS02 on SA,
13Xandmordenitesin the temperaturerangeof 133to 325°C.The adsorbentswere
regeneratedat400°Cfor 15hoursunderheliumatmospherepriortotheexperimentalruns.
Theydiscussedthe effectivediffusivity resultedfrom contributionsof microporeand
macroporediffusionterms,but in whichmannerthesetwo diffusiontermscombinedwas
notknown,sincethe theoryof van Deemterwas applicableonly to an adsorbentwith
unimodalporesizedistribution.Thediffusioncoefficientsandisostericheatsof adsorption
for thesesystemswere measuredby gas chromatographicmethods.The variationof
diffusioncoefficients,heatsof adsorption,andactivationenergieswerediscussedin terms
oftheinteractionbetweenthesurfaceandgasmolecules,andalsoin termsof therelative
openingsof theporeswith respectto the size of the diffusingmolecules.The effective
diffusioncoefficientof NO in 13X sieveswas found largerthanin SA dueto the large
openingsof the13X anddueto reactionof NO with theSA sieve.Theycouldn'tobserve
responsep akfor S02in thetemperaturerangeof 133-261°Cdueto verystrongadsorption
ofS02on 13X. It wasconcludedthatrelativesizeof theporesof zeolitesto thesizeof
diffusingmoleculeswas importantin diffusion.Additionally,it was reportedthatif the
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poresizeof molecularsievezeolitewascomparableto thatof thediffusingmolecules,the
interactionoccurredbetweenthecationsin thezeoliteframeworkandthegasmolecules.
Theseinteractionsplay an importantrole in diffusionand adsorption.They have also
reportedthatthelow diffusioncoefficientwasassociatedwith thehighactivationenergy
andhighisostericheatof adsorption.
The theoreticaldescriptionof chromatographicprocessesthroughthe useof rate
theory continued through the 1960's and 1970's. The more exact theory of
chromatographytaking various masstransferresistancesin the packedcolumn into
accountwas introducedby a singleporemodelof Kucera [48] andKubin [49]. In this
model,the momentsof the chromatographicpeak were relatedto the masstransfer
parameters.Theyaccountedfor axialdispersionflow throughthecolumn,externalfilm
resistanceattheparticlesurface,intraparticlediffusionandfiniterateof adsorptionto the
poresurface.Carletonet al. [101]modifiedtheKubin-Kucerafirst momentequationby
subtractinga pressure-dependentconcentration,velocity,andaxial dispersioncoefficient
intothe original massbalanceequation.Cerro and Smith [50] used this model for
nonadsorbableand slightly adsorbabletracersto evaluatemasstransferparametersin
packedbedsandreportedthatthistechniquecouldbeusedto obtainaccurateintraparticle
andexternalmasstransferrateparametersfor adsorbableor slightlyadsorbablegases.
However,the obtainedmacroporediffusivity was much greaterthan the macropore
diffusivityandmuchlessthanthemicroporediffusivityfrom thesinglepore diffusivity
model.Therefore,thecorrectvaluesof thediffusivitiescouldnotbeobtained.
Van derVIist andvan derMeijden[52]developeda methodof predictingbinary
gasmixtureisothermsfrom concentrationpulseretentionvolumedata.They determined
theadsorptionisothermsof the 02-N2 componentsof binary gas mixtureson Linde
molecularsieve 5A at temperaturesfrom 10 to 50°C by gas chromatography.The
adsorbentwasactivatedat400°Cfor 24hoursin a streamof helium.Theretentionvolume
(Vr) of a concentrationpulse was measuredas function of the partial pressureof
component1 (PI) at constanttotal pressure(p) and temperature.They used the
chromatographicequationof MartinandSynge[53],HaydelandKobayashi[54]:
m dw dw
V =V +-(c _I +c_2)
r g 2de Idec I 2
(5.2)
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whereVr is retentionvolume,Vg is thefreegasvolume,m is themassof adsorbentin the
column,c= CI+ezis the total gas phaseconcentration,CI and C2are the gas phase
concentrationsof components1 and2, WI andW2arespecificamountsof components1
and2 adsorbed,anddwtldcIanddwJdez aretheslopesof theindividualisothermsatthe
compositionCIandez.TheEquation(5.2)relatedtheretentionvolumeof a concentration
perturbationin a binarygasmixtureat fixed compositionto theslopesof the individual
isothermsof thecomponents.It wasreportedthatthemodelwasvalidundertheconditions
of constantemperatureandpressure,homogenouslypackedcolumnand negligiblegas
phasediffusionandaxialeffects.
RuthvenandKumar [62] followedtheproceduresuggestedby van der Vlist and
vanderMeijden[52].Theydeterminedsingle-componentandbinaryadsorptionisotherms
forAr, O2,N2,CH4,andCO in 4A molecularsieveandfor Ar, O2,N2,CH4,CF4, CJi6,
C2~, and C3Hg in 5A molecular sieve by step input chromatographicmethod.
Regenerationof the adsorbentswas carriedout overnightat 375°C undera purgeof
helium.Carriergas (He) was suppliedat differentadsorbateconcentrationsthroughthe
columnandsmallstepchangein composition(typically1-2%)was introduced.Sincethe
changesin concentrationwere small that the equilibriumrelationshipwere considered
linear.The meanretentiontime determinedfrom the responsecurveand Henry's Law
constant,K wasobtaineddirectlyfromthefollowingexpression:
(5.3)
(5.4)
wheretRis themeanretentiontime.The equilibriumisothermswereobtaineddirectlyby
integrationof the slopes(Henry's law constants)determinedfor differentcarriergas
compositionsu ingthefollowingexpression:
K =(1-X) dq]+Xdq2
de] de2
whereX is the mole fractionof adsorbablecomponentand dqtldcI is the slopeof the
isotherm.The molecularvolumevalues (f3) were obtainedby fitting the experimental
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isothermsto thesimplifiedmodel[60).TheobtainedHenry'slaw constantsandmolecular
volumesaregivenin Table5.1.
Table5.1.Henrylawconstantsandmolecularvolumescalculatedfromsingle-
componentisothermsof CO on4A sieve(cavityvolume,u=776A3)
Temperature ~
K
('C)
(A3/molecule)(molecule/cavity.torr)
32
86 53
35
97 49
93
12
TheCO adsorptioncapacityof 4A molecularsieve(molecules/cage)determinedby
chromatographicmethodwascomparedwith theresultsobtainedfromvolumetricmethod
byHarperetal. [63]asgivenin Table5.2.
Table5.2.Comparisonof theresultsforCO adsorptioncapacityof 4A molecularsieve
usingchromatographicandvolumetricmethods
Temperature
•
q MethodReferencerC) (molecules/cage)
32
1.9
93
0.7ChromatographicRuthven,Kumar[62]
150
.4Volum tricHarper taI. [63]
They concludedthat the concentrationpulse techniqueprovided a simple
alternativeto conventionalgravimetricor volumetricmethodsof determiningequilibrium
isothermsfor both single-componentand binarysystems.The simplestatisticalmodel
appliedin thisstudy[60]wasadequateto representboththesingle-componentandbinary
isotherms.It wasalsoconcludedthatthismodelprovidedusefulmethodfor determination
ofbinaryequilibriumisothermsfromthesingle-componentisotherms.
Hyun and Danner[41] determinedthe purecomponentadsorptionisothermsof
C2H4 andCzli<;on 13X molecularsieveby concentrationandtracerpulsetechniquesat
severaltemperatures.Prior tothechromatographicexperiments,thecolumncontainingthe
adsorbentwasregeneratedat25rC for at least48 hoursandbeforeeachrun thecolumn
wasbroughto thesametemperaturefor 10-12hours.The Henry'sLaw constantswere
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determinedfor different carner gas compositions.The pure and binary adsorption
isothermswere obtainedusingthe datareductionmethodof van der VIist and van der
Meijden(EquationS.2) [S2].The concentration-pulser tentionvolumesdeterminedfrom
thestaticmixtureisothermswerefittedwellwithathird-orderpolynomial.Thesedatawas
in good agreementwith the staticdata.This studyshowedthatcombinedconcentration
pulseandtracerpulsetechniquescould be usedfor determinationof binaryadsorption
isothermsfor nonidealisobutane-ethylenemixturewheretheconcentrationpulsemethod
couldnotbeused.
Anothermodelwasdevelopedby Ruthven[60]who investigatedsingleandbinary
adsorptionbehaviourof CO, C&, O2 andN2 on SA zeolite.A statisticalthermodynamic
modelwasconstructedin whichsorbate-sorbentinteractionswasaccountedfor in termsof
theHenry'sLaw constant,andsorbate-sorbateinteractionswasaccountedfor in termsof
theeffectivemolecularvolumesof the sorbates.The modelisothermwas basedon the
interactionbetweenanadsorbedmoleculeandtheadsorbentwhich was characterisedby
theHenry'slaw constant.The modelassumedthattheadsorbedmoleculeswereconfined
within particularcavitiesof thezeolitelatticebut notadsorbedat specificsiteswithin a
cavity.It was reportedthatthe sorbate-sorbateinteractioncausedreductionin the free
volumeduetothefinitesizeof themolecules.Henry'sconstantsandmolecularvolumesof
CO,Cf4 02andN2 weregivenfor thetemperaturerangeof -128to 2SoC.The interaction
betweenanadsorbedmoleculeandthesievewascharacterizedby theHenry'slaw constant
by c=Kp. The pure componentisothermequationgave the sorbateconcentration,q
(moleculesper cavity)as a functionof Kp andtheparameteru/f3 (theratioof cavityto
molecularvolumeof the sorbate).u was definedas the volumeof cavityof SA sieve,
776A3, andf3 astheeffectivemolecularvolumeof sorbatein A3/molecule.The Henry's
constantswereobtainedexperimentallyfromtheslopeof thesingle-componentisothermat
lowsorbateconcentrationandthecurvematchingprocedurewas usedto determinethe
molecularvolume.It was concludedthat this modelcould representboth the single-
componentand binary mixture isotherms.However, since molecularvolumes were
estimatedfrom the van der Waals covolumes,the use of the modelwas limited to
concentrationsless than abouthalf of saturation.In orderto applythe modelat high
sorbateconcentrations,accuratevaluesof themolecularcovolumeswererequiredwhich
aredifficultoestimate.
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Although Ma and Mance! [51] discussedthe effective diffusivity including
contributionfrom both the microporesand macropores,but it was not possible to
differentiatethecontributionof microproresfromthatof macropores.HaynesandSarma
[40]andSarmaandHaynes[42]developeda modelto describetransientdiffusionin a gas
chromatographiccolumnandapplicableto bidispersedstructuredcatalystparticles.They
reportedthata singleeffectivediffusioncoefficientwasnot sufficientto characterizethe
masstransferwithin a bidisperse-structuredcatalyst.Therefore,they included two
diffusioncoefficients(effectivemacroporeandeffectivemicroporediffusivity)to describe
thediffusion.This modelwasapplicablewhenthemicroporediffusivitywasconsiderably
smallerthanthe macroporediffusivity.This methodis given in detailsin Section4.7.
Pelletizedparticlesandsomemolecularsievescanbedescribedrealisticallyby thistypeof
model.Thus, the bidispersedpore model has been applied in most of the recent
chromatographicstudiesonestimationof intraparticlediffusivitiesin molecularsieves[55,
56,57,58].
Farooq[85]determinedtheHenry'slaw constantsandintracrystallinediffusivities
of O2 and N2 in molecularsieveRS-I0 by the pulse chromatographicmethod.The..
adsorbentcolumn was regeneratedovernightat 350°C under a helium purge. The
experimentalresponsecurveswere analyzedby both momentand time domain-fitting
methods.In the applicationof the momentmethodthe modelof Haynesand Sarma
(Equations4.22and4.26)[40]wasused.Heatsof adsorptionandactivationenergieswere
estimatedfrom the equilibrium and kinetic measurementsperformedat different
temperatures.It wasconcludedthattheequilibriumdatafrombothanalysismethodswere
ingoodagreement.Breakthroughcurve(BTC) methodwas also appliedto obtainthe
equilibriumandkineticparameters.The diffusivityvaluesfrom BTC were foundto be
higherthanthoseobtainedbymomentandtimedomainanalysisfor bothO2andN2.
Shahand Ruthven[55] appliedthe concentrationpulse techniqueto studythe
adsorptionanddiffusionof CH4, C~, C3Hg andcyclo-C3:a,in SA molecularsieve.They
usedthemodeldevelopedby Haynesand Sarma (Equations4.22 and 4.26) [40] to
describethechromatographicresponseof thecolumnpackedwith thebiporousadsorbent.
Theydefinedthefirstmomentof thechromatographicpeakastheslopeof theequilibrium
isotherm.TheHenry's law constantsweredirectlyobtainedfromthedataobtainedwith a
pureheliumcarrier.Then,thecompleteisothermwasdeterminedby integratingtheslopes
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obtainedwith differentcarriergascompositions.Theequilibriumconstantsobtainedwere
in goodagreementwiththoseobtainedby volumetricandgravimetricmethod.The second
momentsof theresponsepeakswereusedfor estimationof themicroporediffusiontime
constants.Thediffusionaltimeconstantsdeterminedbygaschromatographywerefoundin
good agreementwith the previouslyobtainedresultsby the gravimetrictechnique.
Therefore,it was concludedthat both experimentaltechniquescould be applied in
adsorptionanddiffusionstudies.
However,previouslyreportedchromatographicdataby SarmaandHaynes[42]for
argonin 4A andby Hashimotoand Smith [61] for n-butanein SA were differentfrom
thoseby gravimetricmethoddue to differencesin the definition of the micropore
diffusivity.In chromatographicmethod,thediffusivitywasassumedto be independentof
concentrationwhich was valid for mostsystemsat low adsorbateconcentrations.They
claimedthat the measurementof intracrystallinediffusionaltime constants(DJrc2) by
chromatographicmethodwas restrictedwith upper and lower limits. The upper limit
occurred ueto rapidintracrystallinediffusion.In this caseaxialdispersionandtheother
resistancescontrolledthemasstransferasin thecaseof rapiddiffusionof CH4in SA. The
othermasstransferresistanceswereeliminatedin orderto obtainreliableintracrystalline
diffusivitiesby chromatographicmethod.The lower limit occurredbecauseof slow
intracrystallinediffusion. In this case,the peak would not equilibrateduring passage
throughthecolumn,andtheretentiontimewouldcorrespondonly to thesmallmacropore
capacityof theadsorbent.
Ruthven and Haq [64] measuredHenry's law constantsand intracrystalline
diffusivitiesfor O2,N2,CH4 andCO2in 4A zeoliteandeffectof moistureon theHenry's
Law constantsand intracrystallinediffusivitiesby the chromatographicmethod.They
analyzedthe chromatographicdataby matchingthe first and secondmomentsof the
responsepeaksto thetheoreticalexpressionsderivedfromthedynamicmodelof Haynes
andSarma(Equations4.22and4.26)[40).Theyverifiedthedominanceof intracrystalline
resistanceto masstransferby changingtheparticlesizeandobtainedthesameintercept
fromthe~Ll2112vversus1I~ plots for two differentparticlesizes.Then,Henry's law
constants,heatsof adsorptionanddiffusioncoefficientsweredetermined.This datawasin
goodagreementwith previouslyreportedgravimetricdata.Therefore,the validity and
usefulnessof the chromatographicmethodfor studyingthe kineticsand equilibriumof
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sorptionin 4A zeolitewas confirmed.The 4A sievewas foundto be suitableto allow a
reasonablyefficientpressureswingadsorption(PSA) separationof N2 andCH4, but not
applicablefor separationof 02 andN2 dueto low separationcoefficientfor this system
withrespectothatforNJCI-4 system.
Furthermore,RuthvenandHaq [65] studiedadsorptionanddiffusionof O2, N2,
CI-4,CO2, cyclo-C3~ andcis-C~H8in commercial5A zeoliteusingthesametechnique.
Theyhaveachievedthevaluesof equilibriumconstantsandheatsof sorptionwhichwere
ingoodagreementwithpreviouslyobtainedgravimetricmethod.For diffusionof O2, N2,
C& andCO2 in 5A molecularsieve,the intracrystallineresistancewas not foundto be
dominantin masstransfer.Thus,theyconcludedthatdiffusionof thesesmallermolecules
wastoo rapidthat their intracrystallinediffusivitiescould not be measuredreliablyby
chromatographicmethod.
Tezel andApolonatos[69] studiedthe adsorptioncharacteristicsof H-mordenite,
chabazite,4A and5A molecularsievezeolites,andclinoptilolitefromwesternAnatoliafor
N2, CO and CH4. The chromatographicresponsepeaks were obtained by pulse
chromatographymethod.Equilibrium and kinetic parameterswere then derived by
matchingthefirstandsecondmomentsof theresponsepeaksto themodelof Haynesand
Sarma(Equations4.22and4.26)[40]. Theadsorptioncolumnwasregeneratedby heating
to350°Cfor24hoursunderheliumpurgebeforetheexperimentsto removeimpuritiesand
moistureadsorbedfromtheair.Heliumwaspassedcontinuouslythroughthesystemalso
betweentheexperimentalruns.TheHenryLaw constantsfor N2, CO andCH4werefound
higherfor the 5A zeoliteandH-mordenitesystemswhich was attributedto their larger
surfaceareasandlargerporesizes.TheHenrylaw constantdeterminedfor 5A zeolitewas
higherthanthosefor 4A zeolite.Theonlydifferencebetweenthe4A and5A zeoliteswas
reportedtobecationcontentin theirframeworks.It wasreportedthat5A zeolitehadhigh
Ca2+cationcontentleadingto thelowerframeworkdensityandlargerchannelsize.They
explainedthehigherN2, CO andCH4adsorptioncapacityof 5A by theselargerchannels.
Microporediffusion was found dominantmass transfermechanismonly for N21H-
mordenite,4A zeoliteandchabazitesystems.They expectedhighermicroporediffusion
resistancefor H-mordenite,dueto its one-dimensionalchannelnetwork.However,it was
recognizedthatthediffusionresistancewashigherfor NJ4A zeolitesystem,although4A
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hadthree-dimensionalchannelnetworkwhich was moreaccessibleto the N2 molecule.
Thiswasexplainedbythesmallerporesizeof 4A thanthatofH-mordenite.
TriebeandTezel [70] investigatedtheadsorptionof N2, CO, CO2 andNO on 5A,
4A, H-mordenite,activatedcarbon,and on a naturalTurkish clinoptilolite.They used
concentrationpulsemethodandthemodelderivedby HaynesandSarma(Equations4.22
and4.26)[40]to determinetheHenry'sLaw constantsanddiffusioncoefficientsfor each
systemovervarioustemperatureranges.The adsorbentswereregeneratedunderhelium
purgefirst at 100°Cfor 2 hoursto removemoistureandthenat 350°Cfor 24 hoursto
removeanyfurtherimpurities.They couldn'tobservean interpretableresponsepeakfor
adsorptionof CO2 ontheclinoptilolitewhichwasattributedto itsstrongadsorption.It was
observedthat NO was most stronglyadsorbedin the naturalclinoptiloliteand least
stronglyonthecarbon.Thiswasexplainedbythestrongdipole-cationinteractionof NO as
comparedto the weak quadropole-cationinteractionof N2. Adsorption equilibrium
parameters(1(0, ,1Uo andMIo) for CO adsorptionon 4A, 5A zeolites,H-mordeniteand
clinoptilolitedeterminedusingEquations(4.23)and(4.24)aregivenin Table5.3.
Table53.ParametersKo, ,1UoandMIo for CO adsorptionon4A, 5A zeolites,H-mordenite
andclinoptilolite
Adsorbent!Adsorbate
TemperatureKo-,1Uo-MIo
RangerC)
(dimensionless)(kcal/mol)(kcal/ ol)
CO/Clinoptilolite
50- 20073 X 10-510.811.6
CO/5Azeolite
-10- 96.2 47.27.8
cot4
3 02 36 06.6
H-mordenite
15 055
The strongeradsorptionof CO in 5A with respecto thatin 4A wasexplainedby
thepresenceof strongeradsorptionsites(bivalentCa++cationsin 5A asopposedto Na+
cationsof 4A) which are availableto interactwith the strongCO dipole.The heatsof
adsorptionof CO on H-mordenite,4A zeoliteand 5A zeoliteobtainedwere in good
agreementwiththevaluesin theliterature.The largerK valuesmeasuredfor clinoptilolite
wasattributedto thestructureandthecationcontentof theclinoptiloliteframework.The
cationcontentof theclinoptilolitewasreportedasin decreasingorderof Ca2+>K+>Mg2+>
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Na+. Thus,theyexplainedthestrongeradsorptionof CO by complexingof CO alsowith
Mg2+ [72].
The contributionsof differentmasstransferresistancesto totaldispersionfor CO
in clinoptiloliteweredeterminedby relatingthesecondmomentsof theresponsepeaksto
kineticparametersandtheresultsaregivenin Table5.4.
Table5.4.Contributionsof differentmasstransferesistancestototaldispersionof CO in
clinoptilolite
Temperature DJ~Rp2/3DmRp2/15EpDp(J2L(1-E)/2~J?VE
eC)
(s)(s)(s)(s)
75
1.3611.8xlO-45.05xlO-10.14
100
1.020 54 60 5
25
279.42 2 0
5
68 513 89 3
The mlcropore diffusivity was found as the dominant mechanism for
CO/clinoptilolitesystem.The temperaturedependenceof the micropore diffusivitywas
determinedby anArrheniustypeequationDc =Do exp(-Ea ) whereEa is thediffusionalr2 r2 RTc c
activationenergy.Theresultsaregivenin Table5.5.
Table5.5.ParametersDJr/ andEa forCO adsorptionin clinoptilolite
Adsorbent!Adsorbate
Clinoptilolite/CO
TemperatureRange
eC)
75-150
DJr/
(S·I)
4.60x 101
Ea
(kcal/mol)
10.0
TriebeandTezel [71]alsoexaminedN2 andCO adsorptioncapacityof a Turkish
clinoptilolit~atnearambientconditions.Pureandbinaryadsorptionisothermsupto 101.3
kPa were determinedat 30°C by concentrationpulse chromatographymethod. The
c]inopti)o]tieparticleswereregeneratedunderthesameco.nditionsin thestudyof Triebe
andTezel[70).The adsorptionisothermshapefor N~clinoptilolitesystemat 30°Cwas
foundsimilarto thosemeasuredby Ackley and Yang [73] for variousion exchanged-
cJinop~jlolite.N2 adsorptioncapadtyof clinoptilo]iteat.9].].9kPa wasdeterminedas.9mL
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(STP)/gQf clinoptiloliteandfellwithintherangeof 0.2-0.6mmoVgfor ionexchanged
formsdeterminedby AckleyandYang[73],CO/clinoptilolitegavesimilarrectangular
shapedisothermsasthoseobtainedbySirkeciogluetal.[74]at20°Cbyvolumetricmethod
andNO onSA. 4A,H-mordenite,activatedcarbon,Turkishnaturalclinoptilolite.TheCO
adsorptioncapacityof theclinoptiloliteat30°Cwasdeterminedas20mL (STP)/gwhich
was300,/0lessthanthatat20°C,asexpected.SirkeciogIuetal.[74]reportedthecapacityas
31ml(STP)/gat20°C.TheyalsostudiedthebinaryadsorptionisothermsofCOandNz on
Turkishclinoptilolitein thesamestudy.CO wasadsorbed5 to 10timesfasterthanNz
whichwasobtainedfromtheratioofHenry'sLawconstants.
Triebeet at [75]also examineda naturalclinoptilolitefrom Turkeyin air
purificationandseparationapplications.Henry'sLawconstantsforadsorptionofCOz.CO.
NO, andNz weremeasuredonclinoptilolite,4A and5A zeolites,andH-mordeniteover
temperaturerangeof -30 to 200°Cby gaschromatographicmethod.Purecomponent
adsorptionisothermsweredeterminedforNz andCOz onclinoptiloliteat30°Candupto
latrnandtheywerefoundtoberectangular.Henry'sLawconstantsandheatsofadsorption
forCO, Nz, andNO on clinoptilolitebetween50and200°Chavebeenreportedto be
higherthanthoseonothersorbentstested.Furthermore,clinoptilolitexhibitedthehighest
separationfactorsforNO/Nz andCO/Nz systemsoverthetemperaturerange.
SheikhetaL[100]alsodeterminedtheequilibriumandkineticparametersforC~
andN2 on an activatedcarbonusing both volumetricand concentrationpulse
chromatographicmethods.Theydeterminedthepurecomponentadsorptionisothermsand
theeffectivetransfercoefficients.TheHenry'sconstantsweredeterminedusingthevirial
a.dsorptionisothermwhile usingvolumetricmethod.The chromatographicdatawas
ana.lyzedby momentmethodprovidedbyHaynesandSarma(Equations4.22and4.26)
[40] andby van Deemterplots.The valuesof Henry'sconstantspredictedby the
chromatographicmethodagreedwith7%tothecorrespondingvaluesdeterminedfromthe
volumetricmethodfor eachsorbate.Themasstransfercoefficientsreflectedverylow
resistancesforbothCRt andNz. TheydeterminedtheHenry'sconstantsas20.19and6.69
forC.E-4 andNz, respectivelyb chromatographicmethod.
In summary.theadsorptionequilibriumanddiffusionparametersobtainedby
concentration-pulsetechniqueandbytheapplicationof themodelof HaynesandSarma
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[40]werefoundin goodagreementwith theresultsobtainedby conventionalvolumetric
andgravimetrictechniques.
5.2.AdsorptionPropertiesof Adsorbents
Thereis considerableamountof studyonthenaturalzeoliteformationsin Middle-
WesternAnatolia[17, 19,20,43, 67,86, 103-105].O1kiiet al. [86]examinedthe local
clinoptilolitefrom Bigadic;for air drying in packedcolumn.Adsorptionequilibrium
relationshipsandheatandmasstransferateswereusedto explainthedynamicbehaviour
of theadsorbentbed.Adsorptionequilibriumexperimentswereperformedby staticweight
gain method.The mass and heat balancerelationshipswere coupled through the
temperaturedependenceof equilibriumrelationshipto describethe process.Analytic
solutionsfor breakthroughcurveswere found by applyingthe availablemodels for
isothermalcolumnsandlinearadsorptionisotherms.Theeffectivediffusioncoefficientof
waterin naturalzeolitewas determinedas 5xlO-IO cm2/secfrom isothermaluptakerate
measurements.It wasindicatedthatno significanteffectof air velocityon breakthrough
curveswasobservedsinceintraparticlemasstransfercontrolledtheoverallmasstransfer
process.They concludedthat local clinoptilolitehaspromisingfuturefor drying air in
industrialapplicationsasacheapalternativeto expensivesyntheticadsorbents.
Sirkeciogluet al. [18] investigatedthe mineralogicaland chemicalpropertiesof
Bigadic;clinoptiloliteand studiedthechangein ammoniumion exchangecapacitywith
zeolitecontent.They observedthatthe zeoliterich tuffs of Bigadic;were mainlyin the
formof coarse-grained,glassy,ashtuffsat thebottomandfine-grained,glassy,dusttuffs
ontop.Esenli and Kumbasar[66] investigatedthermalbehaviourof heulanditesand
clinoptilolitesfrom Bigadic;,Gordes and Mustafakemalpa~ausing differentialthermal
analysis(DTA) andthermogravimetricanalysis(TGA). Thezeolitecontentswerefoundto
varymainlybetween55 and 100%,while mostof the representativesamplescontained
morethan80%clinoptilolite.
Altav et al. [68] investigatedthe cationcontent,ion-exchangeand adsorption
propertiesof the clinoptilolitefrom Bigadic;.The clinoptilolitecontentof the tuffs was
reportedas95%.H2SandS02adsorptionisothermsfor raw,Na, H, K andCa-exchanged
clinoptiloliteswere determinedusing constantvolumetricmethodupto 100kPa.The
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adsorptionisothermsfor H2SandS02 on Na, K andH-exchangedclinoptiloliteshowed
Type I shape.H2S adsorptioncapacitydecreasedin the orderof H>K>Raw>Na>Ca-
exchangedformsandS02 adsorptioncapacitydecreasedin theorderof H>Na>Raw>K>
Ca-exchangedforms.Adsorptioncapacityfor H2Swas foundin the rangeof 0.28-2.98
mmol/g andfor S02 in therangeof 2.99-3.67mmol/g.H-exchangedformsexhibitedthe
highestcapacitybothfor H2SandS02 dueto theirinteractionswith therratomsin the
channels.Ca-exchangedclinoptilolitedid not adsorbS02. The lowestcapacityof Ca-
exchangedclinoptilolitefor H2S was explainedby blockageof the eight-membering
channelsby Ca2+cations.Na-exchangedformexhibitedlowercapacitywith respecto H-
exchangedformdueto lowerelectronegativityofNa+cations.Adsorptionisothermswere
modelledby Freundlich,LangmuirandDubinin-Astakhov(D-A) models.D-A modelwas
foundtobethemostsuitablemodelandmicroporevolumeswerecalculatedin therangeof
0.086-0.157cm3/gandcharacteristicadsorptionenergyin therangeof2.62-16.06kl/mol.
Numerousstudieson theregenerationof theadsorbentsand effectsof structural
characteristicsof zeoliteson their adsorptionpropertiesare availablein the literature.
Tsitsishviliet al. [82,83]reportedthatthepresenceof highly hydratedcations(Ca2+and
Mg2) in clinoptiloliteblocksthechannelsandpreventsthe freemovementof theguest
molecules.They notedthatthermalactivationof theraw materialbelow300°Cdoesnot
completelyremovethe watermoleculesarrangednearCa2+and Mg2+cations.For this
reason,andin orderto definethebestconditionsof activation,theclinoptilolitesamples
wereheatedatdifferentemperaturesintherangeof 280-600°c,for differentimeperiods.
Thewatercontentsof thesesamplesweredeterminedandtheirmolecularsievecapacities
wereevaluatedfor theOiN2 separationfromair.Theyconcludedthatthebestseparation
efficiencieswereachievedwith the samplesheatedin the range400-500°C.Ozkan and
D1kii [67]regeneratedtheclinoptiloliteparticlesfromBigadi~at 160°Cin a vacuumoven
for 9 hours,at 400°C and 600°C in an oven for 3 hoursprior to the breakthrough
experimentsforwatervaporadsorptionbytheclinoptiloliteusinga packedcolumn.As the
regenerationtemperaturesincreasedfrom 160°C to 400°C, the sharperand later
concentrationbreakthroughoccurred,i.e. the water vapor adsorptioncapacityof the
columnincreasedapproximately26%.Howeverincreasingto 600°Cresultedin decrease
oftheadsorptioncapacityof theclinoptilolite.
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BarrerandCoughlan[25] studiedtheadsorptionof a non-polarmolecule(Kr), a
moleculewith a quadrupolemoment(C02) andonewith a dipolemoment(H20). These
gaseshave different polarizabilities,electricmultiplemomentsand molecularsizes,
howevercomparableto theeffectivedimensionof thechannelsreportedfor thedifferent
cationicformsof clinoptilolite[24].The gaschromatographicretentionvolumesandthe
adsorptionentalphiesof CO, O2,N2andCf4 onthedifferentsampleswereexperimentally
determinedandarediscussedin termsof polarizabilityof thegases,polarizingpowerof
thecationsandtheir locationin thezeoliteframework.Consequently,higherpolarizing
powerof cationresultedin lower diffusivity.Tsitsishvili et al. [23] reportedthat the
adsorptioncapacityof zeolitesin chromatographicprocessesis governedby both the
strengthof thesorbate-adsorbenti teractionsandthemoleculardiffusionratethroughthe
pores.
Emeshand Gay [72] carriedout experimentswith Zn2+,Cd2+,Na+and Ca2+_
exchangedA zeolitesandfoundthatCO formsa specificcomplexwithdivalentionsin the
frameworkof typeA zeolite.It wasalsoreportedthattheadsorptioncapacityof A zeolite
increasedas divalention contentincreased.However,the capacitydecreasedif excess
amountof divalentionswere exchanged,dueto inaccessibilityof someof the divalent
IOns.
Other studieson structuraleffects on adsorptionpropertiesof zeolites were
performedby AckleyandYang [73]andAckleyetal. [24].Theypublisheda reviewof the
generalstructuralandadsorptivecharacteristicsof clinoptilolitebasedontheexperimental
resultsobtainedby gravimetricmethod.The ion-exchangedclinoptiloliteand4A zeolite
werecomparedaccordingto their propertiesof separationof Cf4 from N2. The 2-D
channelstructureof clinoptilolitewaschangedby ion - exchangeto studytheeffectsof
cationsize, location,and distributionon the diffusionof N2 (weaklypolar) and Cf4
(nonpolar)moleculesin termsof channelblockage.The diffusiontimeconstants(D1l})
weredeterminedfrom thegravimetricuptakemeasurementsfor fully exchangedK+,Na+
andW clinoptilolite,and higWy-exchangedCa+2and Mg+2clinoptilolite. A constant
pressure,constantflow andconstantconcentrationof a singleadsorbatein heliumwere
introducedto the zeolitesampleon the electrobalanceandmaintaineduntil equilibrium
wasachieved.It wasshownthattheintracrystallinediffusionwasdominantmechanismfor
diffusionof N2 and Cf4 moleculesin clinoptilolite.Diffusion time constantswere
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determinedcomparingeithertheplanesheetor parallelchanneldiffusionmodelwith the
uptakedataobtainedat27and50°C.
In theapplicationof theplanesheetmodel,eachlayerof clinoptilolitechannelswas
assumedasan independentplanesheetdiffusionlayer.This modelwasfoundsuitablefor
diffusioninK+-clinoptilolite,sinceall c channelswereblockedbyK+cationsanddiffusion
occurredalongA andB channels.TheFick's law for concentration-independentdiffusion
coefficientwasappliedandonedimensionaldiffusionequation(Equation4.7)wasderived
foraplanesheet.
A parallelchanneldiffusionmodelwas derivedusingEquation(4.7)to represent
therapidandslowcomponentsof diffusionevidentfromtheuptakeratedata.This allowed
thedeterminationof the concentration-dependentdiffusiontime constantsfor both the
eight-andten-memberringchannelsof theclinoptilolitestructure.In thisstudy,for some
of the exchangedclinoptilolites,two distinct uptakeregions(rapid and slow) were
observedfor CRt diffusionwhich wereexplainedby thedifferentdiffusionmechanisms
duetodifferencesin channelgeometryandblockage.Differentdiffusioncontrolprocesses
wereinvolvedin thebidispersemodelproposedby Ruckensteinet al. [76] for transient
diffusionin porousadsorbentcontainingboth microporesand macropores.For eachin
microporesand macropores,two differentdiffusion coefficientswere defineddue to
differentdiffusionmechanisms.Ca2+andNa+cationsblockedeight-memberringchannels,
whileMg2+blockedthe ten-membering channel.Therefore,it was concludedthat the
cationlocationwasimportanto channelblockingthanthesizeor number.
Ackley and Yang [30] also investigatedthe adsorptioncharacteristicsof fully
exchanged-K+,Na+ and W clinoptilolite, and highly-exchangedCa+2 and Mg+2
clinoptilolite.TheyappliedDubinin-Astakhovvolumefilling modelto adsorptionisotherm
todeterminetheporevolumeusingN2 andCRt attheirnormalboilingpoints.Adsorption
capacityandheatof adsorptionwererelatedto structuralpropertiesof the clinoptilolite
suchascationtypeandlocation.It wasresultedthattheporestructureof theclinoptiolite
couldbemodifiedbycationsfor desiredgasseparations.
Theinteractionof CO with thecationicLewis sitesof transitionmetal(Fe2+,C02+,
Ni21andCu-exchangedY andX zeoliteswas studiedby Rakic et al.[77]usingFourier
transforminfraredspectroscopy(FTIR). Duringadsorptionof CO, IR absorptionbandsin
the2200-2000cm-lspectralregion,characteristicfor symmetricstretchingof CO adsorbed
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on zeolites,indicatingmolecularadsorptionof CO on Cu-exchangedsamples.In thecase
of all othersamplesinvestigated,disproportionof CO was noticedduringits adsorption
andtemperature-programmedd sorption.It wasreportedthattheC-O stretchbandsof CO
moleculesadsorbedon a zeolitesurfaceoccurbetween2000and2230cm-I,i.e., in the
sameregionwheretheCO gas-phasefrequency(2143cm-I)appears.Threeoverlapping
bandsin theC-O stretchregionwereobtainedfor theiron-,nickel-andcobalt-exchanged
zeolites:onebandnear2200cm-Iandtwo bandsat2170and2120cm-Ifor all thezeolites
studied.Weakoverlappingbandsnear1600cm-lwerealsofoundduringCO adsorptionon
thesesamples.The appearanceof a bandnear2349cm-lhasalreadybeenreportedin the
caseof CO adsorptionon monovalentandbivalent-cation-exchangedformsof FAU-type
zeolites[78]. Theyexplainedtheappearanceof thebandsnear2350cm-lby formationof
CO2 during the adsorptionof CO on transition-metalcation-exchangedzeolites.The
simultaneousappearanceof theC-O stretchbandsandthebandat 2350cm-I,observed
duringthe adsorptionof CO on Fe, Co and Ni-exchangedzeolites, confirms that
disproportionationof CO and the formationof weakly bound CO2 occurs during CO
adsorption.
73
CHAPTER 6
EXPERIMENTAL STUDY
In this chapterexperimentalproceduresfor characterizationof clinoptiloliteand
chromatographicexperimentalset-upand procedurefor investigationof CO adsorption
equilibriumand kinetics on the clinoptilolite is given. The clinoptilolite sample is
characterizedin order to determineits physical,chemicaland thermalpropertiesand
effectsof thesepropertiesonadsorptivecharacteristicsof theclinoptilolite.Theresultsare
givenintheChapter7.
6.1.Preparationof ClinoptiloliteParticles
The clinoptiloliteexcavatedfrom Gordes,in westernAnatolia,was suppliedas
particlesmallerthan0.7mmandinthesizerangeof 0.7-1.8mm.Particlesfromthesetwo
sizerangesweremixedandsievedto a desiredparticlesizerangeof 500-850Jlm (35-20
mesh).Then,theparticleswereputinto deionizedwaterandthemixturewasheatedon a
hotplateuntil it wasboiledin orderto removesolubleimpurities.After that,theparticles
werefiltered.This washingandfilteringprocesswas repeatedthreetimes.A glassrode
wasusedto mixthemixtureduringheating.Afterwashingandfiltering,theparticleswere
rinsedwithdeionizedwaterandputintotheovenat 100°Cfor 6hours.
Thosedriedparticlesweresievedagainfor narrowparticlesizedistribution,since
theymightbebrokenduringwashing.After sievingprocess,theparticlesweredividedinto
twogroups,onegroupwasplacedinto saturatedNI!JCI environment(wetdesiccator)to
bringit to constantrelativehumidity,and the othergroupwas placedinto the CaCh
desiccator(drydesiccator)in orderto preventheparticlesadsorbingwatervapourfrom
theatmosphere,at leastfor two weeks.Thesepreparedparticleswerenamedas "washed
clineptilolite",whilethoseusedasreceivedwerenamedas'unwashedclinoptilolite".
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6.2.CharacterizationofClinoptlolite
6.2.1.Determinationof ClinoptiloliteDensity
In order to determinethe wet and dry densities,c1inoptilolitespecImenof
rectangularprismin shapewascut.The volumeof thespecimenwascalculatedas4.714
cmJ. Thenit wasplacedin anovenat 400°Cfor 24hrsandcooledin dry desiccatorand
weighted(It1dcy). After thatit was immergedin deionizedwaterandvacuumedat -500
mmHgatroomtemperatureuntiltheexitof airbubblesstopped.Thespecimenwastaken
outof thewateranddriedwitha tissueandweightedagain(mwet).Knowingthevolumeof
thespecimen,thedry (Pdry) andwet (Pwet)densitiesof thec1inoptilolitewerecalculatedas
1.240and1.502glcm3,respectively.Then,thebedvoidagewascalculatedas32.57%.The
dryc1inoptilolitedensitywasusedin thiscalculationregardingregenerationof theparticles
beforeadsorptionexperiments.Thecalculationdetailsaregivenin AppendixC.
6.2.2.Particle SizeDistributionMeasurements
Laserdiffractionbased-particlesizeanalyzer(MalvernMastersizerSVer.2.14)was
utilizedfor determinationof theparticlesizedistributionof c1inoptiloliteparticlespacked
intothecolumn.This instrumentallowsmeasurementof particlesizedistributionsin the
rangeof 0.05-3500llm, with a precisionof betterthan0.5%.Particlesweresuspendedin
waterin a magneticallystirredcellduringanalysis.Whena particlepassesthrougha laser
beamit causeslight to be scatteredat ananglethatis inverselyproportionalto its size
[106].
6.2.3.ElementalAnalysisby InductivelyCoupledPlasma(lCP)
Varian Model Libertyll ICP-AES was used to determinethe quantitiesof
frameworkelementsandcharge-balancingcations.The methodis basedon theprinciple
thatheenergyof emissionis specificfor eachelement.
The analysiswas performedas follows. Clinoptilolitesampleweighing0.1003g
wastakenfromthewetdesiccatorandputintoa platincrucible.Then6.4mL of HF was
addedin orderto dissolvethesample.Thecruciblewasheatedona hotplateuntilall HF
wasevaporated.To checkcompletedissolutionof silica,2 mL moreHF wasaddedandthe
cruciblewasheatedagainuntilwhiteprecipitatewasobserved.Afterkeepingthesamplein
anovenat400°Cfor2 hours,it wasplacedinthedrydesiccatorfor 5minutes.
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The weight of the cruciblecontainingthe white precipitatewas recorded.The
precipitatewastakenoutof thecrucibleand100mL deionizedwaterwasaddedin orderto
preparesolutionof306 ppm.This solutionwasdilutedto 76.5ppmand1 mL cesiumwas
added.Thenthisliquidsamplewasfedto theICP whereit wasatomized.The samplewas
thencarriedbyargongasintotheplasmawheretheelementsarethermallyexcited.
The weight differencebetweenthe initial and final weight of the samplewas
equatedto the evaporatedmassof Si02 and H20 (O.0697g).The amountof water
evaporatedwastakenastheaverageweightlossobservedfromthermalanalysis,as 10.57
g. Thenthe evaporatedwaterweightcorrespondedto 0.0107mg.Therefore,evaporated
Si02 weight was found as 59.09 mg. The datawas utilized in the determinationof
chemicalcompositionof theclinoptilolite.
Thereliabilityof thisanalysiswasverifiedby statingthemassbalancebetweenthe
evaporatedH20 (0.0106mg)andevaporatedSi02 (58.917mg),andthefinal samplemass
(97.475mg).Therefore,2.525mgsamplewaslostduringsolutionpreparationor analysis.
6.2.4.Fourier Transform Infrared Spectroscopy(FTIR)
The infraredspectraof sampleswere takenby ShimadzuFTIR-8601 Fourier
TransformInfrared Spectrophotometerusing KBr pellettechnique[79]. Typical pellet
containing2 % weightsampleinKBr pelletwaspreparedbymixing4 mgsamplewith200
mg of KBr. The amountof samplein KBr pellet was chosenso to provide linear
dependenceof opticaldensityof characteristicIR bandsversussamplecontent.PureKBr
powderwasusedastheblankandthereferencespectrumof dryKBr wasrecorded.Then
infraredspectrawereobservedin thewavelengthmid-infraredregionrangeof 400- 4000
cm-l,since this range of the spectrumcontainsthe fundamentalvibrationsof the
frameworkAI, Si-04or (T04) tetrahedra.
The IR spectraof washed,regeneratedand CO adsorbedclinoptiloliteswere
determinedandcomparedconsideringtypicalbandsfor clinoptilolite.
6.2.5.Thermal Analysis
The thermal properties of Gordes II clinoptilolite were analyzed by
thermogravimetricanddifferentialthermalanalysismethods.Theseanalysesinvolvethe
investigationof the evolutionof water, decreasein unit cell volume and structural
breakdownor modificationi. e.,conversionto anotheramorphousor crystallinephase.The
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details of thermalbehaviourof naturalzeolitesgIve useful informationabout their
structuralandphysicochemicalpropertiesuchasadsorptioncapacityanddifferentialheat
of adsorptionwhich are requiredfor their practicalapplicationsincluding as water
adsorbents.The 10 mg clinoptilolitesamplesfrom the wet desiccatorwas utilized in
thermalanalysis.
6.2.5.1.ThermogravimetricAnalysis(TGA)
ShimadzuTGA-51 thermobalancewasusedto performthermogravimetricanalysis
forwashedandunwashedclinoptiloliteparticlesuptothemaximumtemperatureof 800°e
underdifferentanalysisconditions.Nitrogenatdifferentflow rates(5, 10and20 mL/min)
andthreedifferentheatingrates(2, 5 and 100eper minute)were employedfor the
analysis.The percentweight lossesas they were heatedwere determinedfrom TGA
curves.
6.2.5.2.DifferentialThermalAnalysis(DTA)
Differentialthermalanalysisfor bothwashedandunwashedclinoptilolitesamples
werecarriedoutby ShimadzuDTA -50. DifferentialThermalAnalysis(DTA) measures
thedifferencein temperaturebetweena sampleand a thermallyinert referenceas the
temperatureincreases.Maximumtemperaturefor thisanalysiswas1000oe.Heatingrateof
SOC/minwasapplied.DTA providesinformationon thetemperaturesatwhichexothermic
andendothermicreactionstakingplacewithin thesample,sincethesampleundergoesa
transformation,it eitherabsorbs(endothermic)or releases(exothermic)heat.Temperatures
forphasetransitionsandstructuraldestructioncanbedeterminedbyDTA.
6.2.6.Pore Volumeand SurfaceArea Analysis
AcceleratedSurfaceArea and Porosimeter(ASAP 2010, Micromeritics)was
appliedto determinethepore andsurfacecharacteristicsof the clinoptilolitesample.A
clinoptilolitesampleweighing0,2371gwastakenfromthedrydesiccator.It wasoutgassed
byapplyingheat,vacuumandflowinggasto removeadsorbedcontaminantsacquiredfrom
atmosphericexposureand organicimpurities.The outgassingwas performedunder 10
~mHgvacuumandargonpurge.The temperatureof the samplewas keptat 500efor 1
hour.Then,the temperaturewas increasedby 50°C/houruntil it reachesto 350°C.The
samplewas left at this temperaturefor 24 hours.Thenthe samplewas allowedto cool
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undervacuumto analysistemperatureof 87.40K. Argonwasadmittedasanadsorptiveto
theadsorbentin controlledincrements.After eachof doseof adsorptive,thepressurewas
allowedto equilibrateandthequantityof gasadsorbedwasdetermined.
The gas volume adsorbedat each pressure(at constanttemperature)defines
adsorptionisotherm.ASAP 2010 instrumentmeasuresthe molar quantityof gas n
(standardvolumeVa, or generalquantityq) takenup (adsorbed)or released(desorbed)ata
constantemperatureby an initiallycleansolid surfaceas a functionof gaspressure[80].
Thethicknessof theadsorbedfilm increasesasadsorptionprocesscontinuesto thepointof
bulk condensationof the adsorptive.Then, desorptionprocessbegins, pressure is
systematicallyreducedandtheadsorbedmoleculesarereleased.Analysisof theisotherms
yieldsinformationaboutthesurfacecharacteristicsof thematerial.
6.3.ExperimentalSet-Upfor AdsorptionEquilibrium andKinetic
Studies
An experimental-setup was constructedfor this study. The diagramof the
experimentalset-upis givenin Figure6.1.
A Shimadzu GC-17A, Ver.3 gas chromatographequipped with thermal
conductivitydetector(TCD) wasusedfor all measurements.The stainlesssteelcolumn
with 0.46 cm inlet diameterand 10 cm lengthpackedwith the washedclinoptilolite
particleswas used. The packed column was placed in the GC oven for accurate
temperaturecontrol.
UltrahighpurityHe carriergas(99.999%) wasusedto transporthe0.25mL CO
gas samplethroughthe columnin orderto reducebaselinefluctuationsand excessive
detectornoise. Gaseswere suppliedto the instrumentfrom gas cylinders.Two-stage
pressureregulatorswereemployedwith gascylindersto reducethepressureto a desired
pressure,sinceconstantdeliverypressureis requiredforagaschromatograph.Digitalmass
flowcontrollercapableof delivering0-500mLimin of gaswasusedfor adjustmentand
controlof theHe gasflow rates.Checkvalvewasusedafterthemassflow controllerto
providegasflow in only onedirection.A soap-bubblemeterwas connectedto theTCD
outletoverifytheflow ratesmeasuredby massflow controllers.
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Cleanchromatographicgrade1/8"tubingwasusedto plumbgasesto theGC. The
tubingwascutwith a hand-helddeviceguidinga cuttingwheelalongtheoutsidesurface
of thetubing.Compressionfittingswereusedto providegas-tight,leak-freeconnections.
The oxygen trap adsorbingoxygen at room temperaturewas employedto prevent
impuritiesenteringtheGC systemwith evenultrahighpuritygases.Theseimpuritiescan
causeghostpeaksanddetectorsignalnoise.Molecularsievetrapwasusedfor removing
tracelevelsof moisturefromcarriergas.Leak checkingwasperformedincludingall the
fittingsinsidetheGC andtheexternalfittingsalongthecarriergasline. Soapsolutionwas
usedfor leakdetection.
The CO pulseof 0.25mL wasinjectedby meansof a multiportsamplingvalve.A
diagramof a multiportvalveis shownin Figure6.2.Thevalveis firstturnedto thecharge
positionand1mL gasfromthe25%CO-He mixturecylinderis passedintoportA. The
sampleflows throughB intotheloopandtheexcessis lostthroughportsC andD. When
thevalveis turnedto thedischargepositiontheHe enteringat E is directedthroughthe
loopcausingthesampleto besweptontotheinjectionportandthento thecolumnthrough
portF [81].ThepulsethenpassedthroughthepackedcolumnandeventuallytheTCD.
Cattier~in Comnn CamerGasin Commn
Figure6.2.Themultiportsamplingvalve
Thermalconductivitydetector(TCD) responseis proportionalto theconcentration
of thesorbatein thecarriergas.The detectorcell includestwo separatefilaments.The
principleof operationis basedontherelativechangein thethermalconductivityof thegas
passingacrossthedetectorfilamentassorbateelutesfromthecolumn.Heatis lostby the
filamenthroughthecarriergasto thecellwall of thedetector.By measuringtheamount
of currentrequiredto maintainas constantfilamenttemperatureas gasesof different
thermalconductivitiescross the filament,a concentration-dependentchromatographic
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signalis produced.Thermalconductivityof thecarriergasusedin thisstudyis 34.31xl0-5
caVs.cm.°Candfor CO it is 5.43xlO-5cal/s.cm°c.
6.3.1.PackingandRegenerationof theAdsorbentColumn
The columnwaspackedwith 1.389g of washedclinoptiloliteparticlesof size in
therangeof 500-850Jlm. The procedurefor packinga columnwas simple;the particles
were packedinto the stainlesssteel columnby an attachablealuminiumfunnel. For
homogenouspacking,a vibratorwas utilized.Attentionwas paid to not to break the
particlesduringpackingin orderto preventinhomogeneouspackingsinceuniform,near
sphericalparticleswithnarrowsizedistributionis requiredfor homogenouspackingof the
column.Smallamountof glasswoolwasplacedatcolumnendstotraptheadsorbentin the
columnandto preventheparticlesreachingthedetector.Detailsof theadsorptioncolumn
aregivenin Table6.1.
Table6.1.Adsorptioncolumncharacteristics.
~assofpacking,~a~g 1.389g
Particlesizerange
20-35mesh(500-850 Jlm)
ColumnI. D.
0.46c
ColumnLength
1 cm
l length-to-columndiameterratio
1.74
Theaimof regenerationis to removevolatileimpuritiesandwaterfromthepacked
clinoptilolite.If the adsorbentis not properlyregenerated,theseimpuritieswill slowly
eluteoff the columnduring the analysisleadingto baselinedisturbancesand a high
backgroundsignal.In orderto decidethe appropriateregenerationconditions,previous
studiescarriedoutwithsimilaradsorbentsandundersimilarexperimentalconditionswere
rewievedin Chapter5.In thisstudy,regenerationconditionsweredecidedaftera seriesof
chromatographicruns:CO pulseof 0.25mL wasinjectedto thepackedcolumnafterit was
regeneratedatvarioustemperatures(300and350°C)andfor different imeperiods(6, 12,
24and48 hours).The chromatogramswereobtainedundersameanalysisconditions(50
mL/minHe flow rate,60°Ccolumntemperature)for eachinjectionandcompared.These
peakswerecomparedandit wasseenthatthecharacteristicsof peaks(retentiontime,peak
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areaandheight)whichwereobtainedafterregenerationfor 6 and 12hours.Similarpeak
characteristicswereobservedafterregenerationat 350°Cfor 24hours.Theseregeneration
conditionswere foundappropriate.In our study,the columnregenerationprocesswas
carriedoutwithintheGC ovenfirstat 100°Cfor 2 hoursin orderto removethemoisture,
thenat 350°Cfor 24 hoursto removefurtherimpuritiesunder50 mL/min heliumpurge.
The GC oven temperatureincreasedby WOC/minupto 350°C.During regeneration
process,thecolumnwas disconnectedfrom the TCD. The regeneratedcolumnwas not
takenout of the GC afterregenerationin orderto preventadsorptionof impuritiesor
moisturefrom theair, andit was allowedto cool to theanalysistemperaturesandthen
connectedtotheTCD. A carriergasflow of heliumwasalsoflowedcontinuouslythrough
thesystemfor purgingbetweenexperimentalruns.
6.3.2.ExperimentalConditions
Adsorptionequilibriumand kinetic experimentswere performedunderdifferent
columntemperaturesandcarriergasflow rates.Carriergasflow rateswerechangedas30,
40,50and60mL/minateachcolumntemperatureof 60,80, 100and120°C.SincetheHe
flow ratesweremeasuredatroomtemperature,theinterstitialHe velocitieswerecorrected
tothecolumntemperature.Theseexperimentalparametersaregivenin Table6.2.
Table6.2.Experimentalparametersappliedinthegaschromatographyexperiments.
Column
Volumetricflow rate
Superficialvelocity
Intersitialv locityCorr ctedvelocityTemperature of theca r rgas
('C)
( L/min)
Vs (em/see)
v =vJF. (em/s e)(em/se )
30
3.019.2310,31
60
40
412.,75
50
5 2917 1
6
68 472 63
3
94
8
5241 886
1 0
932 1
2
0
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6.3.3.Gas ChromatographyExperiments
Thechromatographicpeakswereobtainedby injectionof 0.25mL CO pulseto the
columnafterthecolumnwasbroughto equilibrium.
At thebeginning,1 mL pureCO pulsewas injectedintothecolumnand several
peakswereobservedinthechromatograms.Thiswasattributedto thelargepulsesize.The
samplingloop volumesmallerthan 1 mL was not availablefor the samplingvalve.
Therefore,thepulsewas introducedto thesystemfromthe25%CO-He mixturecylinder
correspondingtotheCO pulsesizeof 0.25mL.
Prior to thechromatographicexperiments,thelinearityof thethermalconductivity
detector(TeD) responsewiththeinletCO concentrationwastested.0.25mL CO pulsesof
differentconcentrations(2.5-100%) were introducedto the emptycolumn and the
responsepeakswereobtainedat60°Ccolumntemperaturefor He flow ratesof 30,40,50
and 60 mL/min.The retentiontime, peak areaand peakheight of thesepeakswere
anlyzed.
Before thepackedcolumnexperiments,0.25 mL CO pulsewas injectedto the
emptycolumnunderthe analysisconditionsgiven in Table 6.2. Then, the obtained
responsepeakswereutilizedfor determinationof thedeadretentiontimesandthefirstand
secondmomentsfor emptycolumn.
Thepackedcolumnexperimentswerecarriedoutin thesamemanner,0.25mL CO
pulsewas introducedafterequilibriumwas reachedin the column.The aim of using
differentcolumntemperatureswasto estimatetheheatsof adsorptionanddependenceof
totaldispersionon temperature.He flow rateswerechangedin orderto separatetheaxial
dispersionfrom othermasstransferresistances,while thecolumntemperaturewas kept
constantat60,80, 100and120°C.
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CHAPTER 7
RESUL TS AND DISCUSSION
7.1.DensityMeasurements
Thedryandwetdensitiesof theclinoptiloliteweredeterminedas1.240and1.502
g/cm3(seeAppendixC), respectivelyandthebedvoidagewascalculatedas 32.61%
knowingthevolumeof theclinoptilolitepackedintothecolumn.Thebeddensitywas
calculatedas0.837glcm3.Thenthepressuredropacrossthepackedcolumnwascalculated
as 0.034-0.731kPa usingtheEquationAl givenin AppendixA andacceptedas
negligible.
7.2.ParticleSizeDistributionMeasurement
Particlesizedistributionmeasuredis presentedas differentialpercentvolume
versusthecorrespondingparticlesizeinFigure7.1.
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Figure7.1.Clinoptiloliteparticlesizedistribution
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Figure7.1suggeststhattheparticleshavenarrowsizedistributionthatis required
for homogenouspackingof thecolumn.The meandiameterwascalculatedfromthesize
distributionas603.791J..lm. However,theparticlesoutof thesievedrange(500-850J..lm).
werealsodetected.Presenceof largerparticlescouldbe dueto agglomerationof zeolite
particles.Detectionof particlessmallerthan500 J..lmmaybe explainedby breakingof
zeoliteparticlesduringdispersingthemby magneticstirrer.
7.3.ElementalAnalysisby InductivelyCoupledPlasma
The chemicalcompositionof theclinoptilolitesampleaspercentweightsampleis
givenin Table7.1.
Table7.1.Chemicalcompositionsof theclinoptilolite
Element
Element
% weightAfuO
0.012
AhO]
12.355
B2O]
144
a
. 66
C
4 90
CO]04
0. 03
ru20
9
F~03
1 561
K
3 7
Mg
.25
nN
176
i
0 1
Pb
023
S 2
72
Zn
3
Si/AI for theclinoptilolitesampleof interestwasfoundas 5.84.Thermalstability
of c1inoptilolitedependson the Si/AI ratio. Thermalbehaviourof zeolitesincreasesas
Si/Alratioincreases.This ratiowasreportedin the4.25-5.25rangeby Breck [13]andin
the4.5-5.5rangebyTsitsishvilietaI. [22].
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In thisstudyCa2+1K+ratiowascalculatedas1.498.Theamount,ypeandlocation
of thesecationsaffectintracrystallinediffusivityandmolecularsievepropertiesas
previouslyexplainedin Chapter3. TsitsishvilietaI. [82]examinedthatthepresenceof
Ca2+in cIinoptiloliteblocksthechannelsreducingdiffusivityof thegasesespeciallyof
smallmoleculesuchaswatervapour.Theyalsostudiedtheeffectsof cationsonthermal
stabilityand reportedthat zeolitescontainingCa2+ retainedtheirwaterto higher
temperatureswith respectto thosecontainingK+ ions [82].Consequently,thermal
activationbelow300°Cwasfoundimpossibleto completelyremovethewatermolecules
arrangednearthesecations.
Roleof exchangeablecationsonthemolecularsievepropertiesof a cIinoptilolite
was also well statedby Arcoyaet a1.[87].Capabilityof the naturalcIinoptilolite
exchangedwith amonium,alkalineandalkaline-earthcationswas examinedfor the
separationfC:I:4,O2, N2 andCO intermsofpolarizingpowerandlocationsofthecations
inthezeoliteframework.It wasalsoreportedthatthevolumeandlocationof thecations
affectedtheretentionvolumesin chromatographicstudiesof gasesin cIinoptilolite.With
regardto CO molecule,the highestretentionvolumevalueswereobtaineddue to
permanentdipolemomentof CO molecule.Ontheotherhand,retentionvolumesforCO
onvariouslyexchangedcIinoptilolitesincreasedin theorder:Cs-CLI<R-CLI<K-CLI<Na-
CLI<Ca-CLI<Mg-CLI<Ba-CLI.ExceptfortheBa-exchangedclinoptilolite,thissequence
wasobservedtoincreasewiththeincreasingpolarizingpowerofthecations(3.08forMg,
2.02forCa,1.48forBa,1.05forNa,0.7forK, 0.59forCs)[87].
Otherstudieson theeffectsof cationsonadsorptionpropertiesof zeoliteswere
reviewedinChapter5.
7.4.Fourier Transform Infrared SpectroscopyAnalysis
Infraredspectroscopywasusedto characterizethenatureof OR groupsin the
structure,vibrationsof the frameworkelementsandadsorbedCO moleculeson the
clinoptilolite.Vibrationsof theframeworksof zeolitesgiveriseto typicalbandsin the
mid-infraredregion.TheoriginalassignmentsofthemainIR bandsaregiveninTable7.2.
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Table7.2. ZeoliteIR Assignments(cm-I)[13]
InternalTehrahedra
Asymmetricalstrech
1250-950
Symmetricalstrech
7 0-650
T-Obend
.
500-420
ExternalLinkages Doublering
65 50
Poreopening
4 382
Asymm tricalstrech
1 1 50
Unwashed,washed,regeneratedandCO adsorbedclinoptilolitesamplesshowed
thesimilarabsorptionbandsasshownin Figure7.2-7.4.Thestrongestbandwasobserved
around1050em-Iandwasassignedto internalT-O stretchingmode.The secondstrongest
bandin thespectrawasfoundaround450cm-Iwhichwasassignedto internalT-0 bending
mode.This vibrationis not sensitiveto theSi/AI ratioof theframework.Thebandat 600
cm-Iin the spectrumswas relatedto thepresenceof thedoublerings in the framework
structures.The peaks in 750-820cm-Iregionwere assignedto the stretchingmodes
involvingmainlythe tetrahedralatomsandaresensitiveto theSi-AI compositionof the
framework[13]. Flanigenet al. [88] reportedrelationshipsbetweenthe frequencyof
internalasymmetricalstretch(1250-950cm-I)andsymmetricalstretch(720-650cm-I)of
x- orY - typezeolitesandtheSi/AI ratioof theframework.Anothercommonbandswere
observedat about 3400 and 1645cm-Ifor washed,unwashed,regeneratedand CO
adsorbedclinoptilolitesamples.Thebroadbandin thestretchingregionatabout3400cm-I
is characteristicof the isolatedH20 molecules(hydrogen-bondedOR), andthe bandat
1645cm-Irepresentstheusualbendingvibrationof water[13].The isolatedOH streching
is attributedto interactionof the water hydroxylwith the cation.The other band is
attributedto thehydrogenbondingof thewatermoleculeto a surfaceoxygenandto the
bendingmodeof thewater[89].
The influenceof washingon clinoptilolitecontentof zeolitewas examinedby
consideringtypicalbandsfor clinoptilolite,609cm-Iand450cm-lbands.After washing,
no significantchangeswere recordedin absorbancevaluesof thesepeaksas shownin
Figure6.2. The slightincreasein bothbandintensitiesmaybeexplainedbyremovalof the
solubleimpuritiesontheexternalsurfaceduetowashing.
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Figure7.2.FTIR spectrafor unwashedandwashedclinoptilolitesamples
The influence of regenerationat 350°C for 24 hours on the spectrumof
c1inoptilolitecanbeclearlyseenin Figure 7.3. The intensitiesof thebandsat 450 cm'l
(internalbendingvibrationof tetrahedra)and1050cm·l(asymmetricstretchingof internal
T-0) were increasedsignificantlyafter regeneration.This increasemight indicatethe
removalof impuritiesfromthe surfaceof thezeolitesample.The slightincreasein the
bandat 450 cm'l was detectedin the spectrumof regeneratedsample.This may be
attributedtothelatticevibrationscausedbythemovementsdueto dehydrationasclaimed
byFlanigenetal. [88].Rodriguez-Fuentesetal. [90]studiedtheinfluenceof regeneration
in naturalzeolitesconsideringthebandsat 455, 1205and 1645cm·I Similar frequency
shiftwasobservedfor the 1205and455cm·1bandfor thermallytreatedzeolitesamples.
Regenerationprocessalso resultedthe bandintensitiesaround1650and 3600 cm·l to
increase,sinceadsorbedH20givesriseto a typicaldeformationbandaround1640cm,I.
TheIR spectrashowedseveraladsorptionbandsaround1600cm·lcausedby deformation
of watermoleculesand in the stretchingregion(3400-3700cm'l),the spectracontain
adsorptionbandsduetotheisolatedH20molecules[22].
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Figure 7.3.FTIR spectrafor washedand regeneratedclinoptilolite
The FTIR spectrumfor CO adsorbed clinoptilolite and its comparison with the
regeneratedclinoptilolite is given in Figure 7.4.
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Figure 7.4. FTIR spectrafor regeneratedandCO adsorbedclinoptilolite
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No significantdifferencewasobservedbetweentheIR spectrumof regeneratedand
coadsorbedclinoptiloliteexceptthe increasesin all bandintensities.However,during
adsorptionof CO from the gasstream(insitu)Rakic et al. [77] obtainedIR absorption
bandsin the2200-2000cm-Ispectralregion,characteristicfor symmetricstretchingof CO
adsorbedon zeolites.Thesebandswereattributedto themolecularadsorptionof CO on
Cu-exchangedY and X zeolite samples.For Fe, Co and Ni-exchangedzeolites,
disproportionof CO wasnoticedduringits adsorption.It wasreportedthattheC-O stretch
bandsof CO moleculesadsorbedon a zeolitesurfaceoccurbetween2000and2230cm-I,
i.e., in the sameregionwherethe CO gas-phasefrequency(2143cm-I)appears.Three
overlappingbandsin the C-O stretchregionwere obtainedfor the Fe, Co and Ni-
exchangedzeolites:onebandnear2200cm-Iandtwobandsof thefrequencieswhichwere
thesamefor all thezeolitesstudied(2170and2120cm-I).Weakoverlappingbandsnear
1600cm-Iwerealso foundduringCO adsorptionon thesesamples.The appearanceof a
bandnear2349cm-lhasalreadybeenreportedin thecaseof CO adsorptionon monovalent
and bivalent-cation-exchangedforms of FAU-type zeolites [78]. They explainedthe
appearanceof thebandsnear2350cm-Iby formationof C02 duringtheadsorptionof CO
on transition-metalcation-exchangedzeolites.The simultaneousappearanceof the C-O
stretchbandsandthebandat 2350cm-I,observedduringtheadsorptionof CO on Fe2+,
C02+and Ni2+-exchangedzeolites, confirms that disproportionationof CO and the
formationof weaklyboundC02occursduringCO adsorption.
These reportedcharacteristicsbands for CO adsorptionon zeolites were not
observedon clinoptilolitezeolite,althoughtheclinoptiloltiewas rich in divalentcations.
Thepossiblereasonmaybe thattheFTIR spectrawerenot collectedinsituduringCO
adsorptionin thisstudyor low adsorbedconcentrationof CO thatcouldnotbedetectedby
FTIR detector.
7.5.ThermalAnalysis
Theweightpercentlossesbothfor washedandunwashedclinoptilolitesamplesfor
differentN2 flow ratesandheatingrateswereobtainedfromTGA curves.The resultsare
presentedin Table7.3.
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Table7.3.Percentweightlossforunwashedandwashedclinoptilolitesamples
obtainedfromthermogravimetricanalysis
HeatingRate
N2FlowRate%weightloss
('C/min)
(mL/min)UnwashedWashed
2
2011.4461.800
5
0 5638.555
10
9.939.822102 92.056511.4 1 7
The averagepercentweightlossesupto 800°Cwere calculatedas 10.535% for
unwashedandas 10.878% for washedclinoptilolitesamples.Thepercentweightlossfor
washedsamplewas foundto be smallerthanthatreportedby Bish [91]who reportedthe
weight loss of 14.50%. The percentweight lossesfor washedsampleswere found
generallygreaterthanthosewerefor unwashedsamples,althoughtherewereexceptions.
Thesedifferencesin percentweightlosscouldbe resultedfromthedifferencesin water
contentswhichdependsontheamountandtypeof theextra-frameworkcations[22,13].
TGA curves of unwashedand washed clinoptilolite samplesunder analysis
conditionsof 10mL/minN2 flow rateand IO°C/minheatingratearegivenin Figure7.5
and7.6.Therewasno relationshipbetweenthepercentweightloss andN2 flow ratefor
both unwashedand washedsamples.However, percentweight loss for the washed
clinoptlolitesampleincreasedwith decreasingN2 flow rate.There was no such linear
relationshipfor the unwashedsample.Both samplesshowedcontinuousdehydration
curvesas a functionof temperature.This indicatedthat the deydrationprocesswas
reversible[13].
The water in clinoptilolitewas classifiedin threegroupsas externallyadsorbed
water,looselyboundwaterandtightlyboundwater[92].Thus,thedehydrationoccursin
stepwisemanner,mainlyatthreesteps,duetothedifferentbindingenergiesamongwater
moleculesandcations[91].
In orderto distinguishthesesteps,tangentslinesweredrawnto thelinearportions
of TGA curvesand vertical lines were droppedfrom their intersectionpoints, so the
boundariesbetweenthe linearportionsweredetermined.The low temperatureinflection
pointwasobservedatapproximately80°C.Thiscouldbeexplainedbydesorptionof
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externallyadsorbedwater.Otherinflectionpointwasdetectedatabout1S0°Candassigned
to desorptionof looselyboundwater.Thesetemperatureswerein goodagreementwith
those reportedby Knowlton et al. [92] as SOoCand 170°C.They reportedthe high
temperatureinflectionportionat about260°Cwhereslow desorptionof tightly bound
waterfromclinoptilolitestarted.For theclinoptiloliteof interestin thisstudy,theweight
losseswererecordedas4.21% up to aboutSO°C,3.61% fromSOto lS0°C, 1.41% from
ISOto 260°Cand3.43% from260to SOO°C.
D-TG curveswereobtainedby differentiatingtheTGA curveswith respecto time.
A peakwasobservedat 47.46°Cfor unwashedandat 44.7SoCfor washedclinoptilolite
samples.The weightlossratesweredeterminedirectlyfromthepeakheightsandwere
foundapproximately-0.00165mg/minbothforunwashedandwashedsamples.
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DTA curvesobtainedfor bothwashedandunwashedclinoptilolitesampleswere
plottedin Figure7.7.An endothermicandan exothermicpeakwereseenin DTA curves
for bothunwashedandwashedclinoptilolitesamples.Endothermicpeakwasobservedat
45°Cwhichcouldbeassociatedwiththereleaseof looselyboundwater.The detectionof
thispeakat lower temperatureas comparedthosereportedin the literature(125-160°C)
couldbeexplainedby thetypeof exchangeablecations[93,94,22,92,66].Accordingto
Tsitshivilietal. [22],thispeakwasexpectedathighertemperaturessinceour samplewas
richin Ca2+.It wasreportedthatthepresenceof suchhigh-hydration-energycationssuch
asCa2+causesthezeoliteto retaintheirwaterto highertemperatures.EsenliandKumbasar
[66]experiencedalso otherendothermat about230°C.The presenceof this peakwas
explainedby Na+K/Ca+Mgratiobetween0.58-1.27.Althoughthis ratio is 0.723for our
sample,suchanendothermicpeakwerenotobserveduringthermalanalysis.
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The clinoptilolitesamplesexhibitedno majorstructuralchangeon dehydrationup
to840°C.At thistemperaturethec1inoptilolitemightbeconvertedtoanotheramorphousor
crystallinephase.The destructiontemperaturewasreportedasmorethan1000QCbyMeier
[931BarrerandWhite[94]andMilton [95],750-800°Cfor clinoptilolite,as550-600°Cfor
itsCa- exchangedformby Tsitshiviliet al.(22],as 750°Cfor clinoptilolitesand700°Cfor
Ca- and Mg-rich clinoptilolitesby Esenli and Kumbasar [66]. The high destruction
temperaturewasattributedto thehighSi/Al ratioof theclinoptiloliteof 5.836.This was
supportedbyEsenliandKumbasar(66]who reportedthedestructiontemperatureof 700-
750°CforWesternAnatolianclinoptilolitewith Si/Al ratioof 4.58-5.10.
7.6.PoreVolumeandSurfaceArea Measurements
Argon adsorptionand desorptionisothermsobtainedby volumetricadsorption
methodare plottedin Figure 7.8. CharacteristicType IV isothermwith characteristic
hysteresisloopwasobtainedfor argononwashedandunwashedclinoptiloliteat87.40K
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The initialrise in theadsorptionisothermis dueto adsorbingmoleculesinteracting
firstwith themostenergeticregionsof theadsorbentsurface.In thispartof the isotherm,
adsorptionis restrictedto monolayeron the pore walls. Then, the isothermdeviated
upwardsat a certainrelativepressure.At this relativepressure,multilayeradsorptionhas
started.Thenattheinterceptionof thehysteresisloop(p/Po=0.4016)capillarycondensation
startsin mesopores.Hysteresisloop mayexhibitvariousshapesdependingon thespecific
porestructures.For theclinoptilolitecharacterizedin thisstudy,noanylimitingadsorption
wasobservedat highrelativepressures.The sameshapeof hysteresisloop was observed
withaggregatesof plate-likeparticlesgivingriseto slit-shapedpores[97].As thepressure
wasincreased,widerporeswerefilleduntilthesaturationpressureatp/Po=0,9002.
Surfaceareawas calculatedby the Brunauer-Emmett-Teller(B.E.T) adsorption
modelusingtheequations(B.2 andB.3) givenin AppendixB. Pore sizedistributionand
surfacearea informationin the microporeregionwas obtainedby the applicationof
Dubinin-Astakhov(D-A) andHorvath-Kawazoemicroporemodelsapplyingtheequations
givenin AppendixB. Pore sizedistributionfor themicroporerangefor theclinoptilolite
couldnot be determined,since Argon moleculesare large to enterthe clinoptilolite
micropores.Poresizedistributionfor mesoporerangewasdeterminedapplyingtheKelvin
equationto thedesorptionbranchof theisothermandby BJH methodasshownin Figure
7.9.Theresultsofphysisorptionanalysisfor unwashedandwashedclinoptilolitearegiven
inTable7.4.
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Table7.4.Summaryof adsorptionanddesorptionmeasurementsfor unwashedandwashed
clinoptilolite(Argonat87.4K)
Parameter UnwashedWashed
AreaBET Su faceArea
24.03m2/g33.11m2/g
BJH DesorptionCumulativeSurfaceAreaof Pores
23.63m2/g55between17and3000A diameter
VolumeBJH DesorptionCumulativePoreVolumeof Pores
0.022cm3/g0.039cm3/gbet een and3000 dia eter
PoreSizAveragePoreDia eter(4V/A byBET)
62.54A60.34A
BJH DesorptionAveragePoreDiameter(4V/A)
36 4746 28
H-KMeth dMaximumPoreVolume
08 /0 /atRelativePressure .09024
MedianPoreDiameter
8.918.49A
D A ethodMicroporeSurfac Area(Astakhov)
37.607m2/g50 887 2 g
LimitingMicr poreVolum
0.02 c 3
BJH DesorptiondVIdD PoreVolume
0,0010
- ~ - unwashed
--washed
0,0008
~10,0006
ja
~ 0,0004
&
0,0002
0,0000
15,0 25,0 35,0 45,0 55,0 65,0 75,0 85,0
Pore diarnetc.-(A)
Figure7.9.Mesoporesizedistributionfor unwashedandwashedclinoptilolitesamples
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7.7.Gas ChromatographyExperiments
All chromatographicstudies were carried out by the concentrationpulse
chromatographytechnique. Prior to the packed column experiments,different
concentrationsof CO pulses(2.5-100%) wereinjectedthroughtheemptycolumnin order
to testthe linearityof the thermalconductivitydetector(TCD) response.The response
peakswereanalyzedat thecolumnoutletandresultsarepresentedin Figure7.10.This
figureshowedthattherewasa linearrelationshipbetweentheinletCO concentrationand
detectoresponsefor eachflow ratestudied.
The time passesbetweeninjectionof CO pulseto the packedcolumnand peak
maximumobtainedby GC is termedas retentiontime and thatobtainedusing empty
columnis referredasdeadretentiontime.Deadretentiontimevalueswereobtainedby the
injectionof 0.25mL CO throughtheemptycolumn.Net retentiontimesweredetermined
by subtractingthedeadretentiontimesfrom thosefor thepackedcolumn.The·response
peakcharacteristicsaregivenin Table7.5andshownin Figures7.11- 7.14.
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Figure7.10.DiagramsshowingchangeofTCD responsewiththe
inletCO concentrationfor differentHe flow rates(Columntemperature:60°C)
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(min)
Area
(~V)
(mi )i
30
16.6623891563330.6 02902337 611 .052
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09059 427432482 0. 77
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6
. 280597 19
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4
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Althoughthe peakswere symmetricfor emptycolumndata,tailedpeakswere
obtainedfromthepackedcolumnexperiments.Thesetailedpeaksdesignatedtheexistence
of significantintraparticleresistances,but dueto thehighcarriergasvelocity,micropore
resistancecould not be determined[38]. Tailed responsepeaksalso indicatedthe slow
penetrationof micropores,i.e. timeof passagethroughthecolumnby theHe carriergas
containingCO pulsewascomparabletothemicroporetimeconstant(rc2/15KDc)[38].
This chromatographicdatawas alsoanalyzedin termsof adsorbedanddesorbed
CO amountsatdifferentHe flow ratesandcolumntemperatures.Sincetheresponsepeak
areagivesinformationabouttheadsorbedamountof CO, multiplicationof the response
peakareawith theHe flow rateis relatedto thedesorbedamountof CO. The changeof
desorbedamountof CO with thecolumntemperatureandHe flow rateis givenin Table
7.6andin Figure7. 11. Thedesorbedamountof CO didnotchangesignificantlywithHe
flow ratesandcolumntemperaturesindicatingnegligibleeffectof externalmasstransfer
resistancecontributingto CO diffusionandadsorptionin clinoptiloliteexceptat highHe
flowrates.
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Table7.6.Changeof adsorbedamountof CO withthecolumn
temperatureandHe gasflow rate
T
He Flow Rate
He Flow Rate*PeakAreaCOC) (mL/min)
30
11674680
60
40
223616
50
09075
6
35 42
3
199
8
3 20478 41 7
100
8323554 0
2
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Figure7.11.Changeof adsorbedamountof CO withcolumntemperatureand
He flow rates
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Theseresponsepeakswerethenprocessedandintegratednumerically.Thefirstand
secondmomentsof thechromatographicpeakswerecalculatedbytrapezoidalintegration
methodusingEquations(4.18)and(4.19)for bothemptyandpackedcolumns.Thenet
first andsecondmomentswerecalculatedby subtractingtheemptycolumnfirst and
secondmomentsfromthoseforpackedcolumnasgivenin Table7.7.Thefirstmoments
for chromatographicpeakscalculatedwerelargerthantheexperimentallydetermined
retentiontime.Thiswasattributedtoasymmetricpeakshapes.
Table7.7.Firstandsecondmomentscalculatedfortheemptyandpackedcolumns
EmptyColumn
PackedColumnNet
Column
He FlowFirstSecondFirsti
Temperature
RateMomenMoment
eC)
(mUmin)~(min)(j2 ( in)( i )( i )( i )
30
0.6 70.01424.883105.1244.25610
40
433868.3082 5217 75437
60 50
379795 45.3055
60
64181 98 37
3
9 28. 08
4
17 6
8
5 2
60
86 4 62 5..
10
966
3
130.308
0.231
120
50 3
6
It wasobservedthattheCO pulseretainedin thecolumnshortertimeastheflow
rateincreases.Smalldifferenceswererecordedin thepeakareavaluesasthecolumn
temperatureincreased.However,thepeakareachangedlinearlywiththeincreasingcarrier
gasflowrate.Itwasalsonoticedthathepeakheightincreasedastemperatureincreases.
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Analysisof themomentsobtainedunderdifferentexperimentalconditionswas
performedin two groups.The first part involvesdeterminationof the adsorption
equilibriumconstantsandheatsofadsorptionforCOadsorptiononclinoptilolite.Thefirst
momentsof thechromatographicpeaksobtainedunderconstantcarrierflow ratesand
changingcolumntemperatureswereanalyzedfor thesepurposes.In orderto check
whethertheequilibriumwasreachedin thecolumnor not,thenetfirstmomentsversus
lIVj wereplottedfortemperaturerangeasinFigure7.16.Linearrelationshipbetweenthe
netfirstmomentvaluesandreciprocalof theinterstitialvelocitywasobtainedatlowHe
gasvelocitieswhichverifiedthattheequilibriumwasreachedin thecolumn.Significant
deviationfromlinearitywasobservedindicatingthatnonequilibriumeffectsexistedat
higherHeflowrates.
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Figure7.16.Dependenceofthefirstmomentoncarriergasflowrate
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ThedimensionlessHenry'sLaw constantswerecalculatedat60,80, 100and120°C
columntemperaturesfromthe first momentEquation(4.22)andtheresultsaregivenin
Table7.8.
Table7. 8.DimensionlessHenry'sLaw constants(K) forCO/clinoptilolitesystem
T
He Flow Rate K
eC)
(mL/min)(dimensionless)
30
696,72
40
84.24
60
50737 00
6
951 83
3
2 972
8
6 93 0 4590.99
10
4 85 76
50
68 10
6
3 6
3
39 8
4
44 02
2
5 5
The Henry's constantswere foundto decreasewith increasingtemperatureand
changeslightly with He flow rate.The temperaturedependenceof the Henry's Law
constantsis describedby Arrheniustype equation(4.23). The Henry'sLaw constants
versusreciprocalof temperaturefor CO adsorptionontheclinoptilolite(van'tHoff plots)is
shownin Figure7.17.
Then,Ko, dimensionlessequilibriumconstantof adsorption,wasdeterminedfrom
they-axis interceptand internalenergychangeof sorption,-~UOfrom the slopeof the
straightlines.The heatof adsorptionat zerocoverage,-~ for CO on clinoptilolitewas
calculatedusingtheEquation(4.24)andtheircomparisonwithliteraturearegivenin Table
7.9.
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Table7.9.ParametersKo,-~Uoand-Mio forCO onclinoptilolite
Temperature He Flow RateKo-~Uo-mRange (mLImin)
(di ensi nless)(kI/mol)(kI/mol)(OC)
30
4.82X 10-651.9654.98
60-120
40
6 71x 135
50
2 3 716 73
6
3 13 4 27 4
5 0*
7-15*7.3x 0-5*45 2*48. *
* Resultsobtainedby TriebeandTezelfor Clinoptilolite/COsystem[70].
The measuredKo valueswerefoundsmallerthanthoseweregivenby Triebeand
Tezel (70] in the literature.This mightbe relatedto thedifferentcarriergas flow rates
studied.It could be also explainedby the differencesin the natureof the adsorbent-
adsorbateandadsorbate-adsorbateinteractionswhichdependson thestructureandcation
typeandcontentof theclinoptilolitesample.Althoughtheadsorbent/adsorbatepairwas
the same,the inconsistencyof the naturalzeolite samplemight have led into such
difference.
The secondgroupof chromatographicdataanalysiswasperformedto estimatethe
transportproperties.For thispurpose,thesecondmomentsof thechromatographicpeaks
were comparedto the theoreticalvalues. First of all, contributionfrom micropore
diffusionalresistanceto total masstransferresistancewas checkedby examiningthe
2
dependenceof thetotaldispersion( u ;- ) on thecolumntemperatureunderconstantHe
211 v
flow rates.Total dispersionvaluesobtainedusing the net secondmomentdata are
presentedin Table 7.10. The resultsare also given as total dispersionversuscolumn
temperatureplotsinFigure7.18.
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Table7.10.Dependenceof dispersionontemperaturefor CO/ Clinoptilolitesystem
Temperature
Carriergas
Totaldispersion
Flow rate
(~L/2~J?v)
rC) (mL/min)
(see)
30
0.087
60
40
6
50
70
6
58
3
4
8
10163
1 0
2914
2
32
0,5
0,5
30mLImin
40mLhnin
0,4
§0,4
§
';1';j ,3 8.,•.. 8. '"'" ~i3 2 i0,2]l 0 0,1f-< 0,1 ..a .•. ..•..0,0 0,0
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Figure7.18.Totaldispersionversustemperaturefor differentHe flow rates
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Figure 7.18 suggestedthatthetotaldispersionchangedslightlyas a functionof
columntemperaturefor the He flow ratesexamined.It might be concludedthat the
microporediffusionwasnota significantresistanceundertheexperimentalconditionsof
interest,sincetheonlystronglytemperaturedependentresistanceontherighthandsideof
thesecondmomentequation(4.26)is microporediffusion.Therefore,microporediffusion
coefficient for CO in clinoptilolite could not be measuredunder the experimental
conditionsstudied.
Furthermore,in orderto separatethecontributionsfromaxialdispersionandother
masstransferresistances,the plots of u2L/2J,I?V versusl/v2 were plottedfor different
temperatures,howninFigure7.19.
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Figure 7.19. Dependenceof total dispersionon carner gas velocity at different
temperatures
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ifU2J.12Vincreasedvery graduallyas l/y increased.This gradualincreasewas
causedby thecontributionfrom longitudinaldispersion.The totaldispersionversusI/Y
plotsexhibitedpoor linearity,exceptthatat60°C.This poor linearitycouldbe explained
by the dependencyof the axial dispersionon the carriergas velocitiesstudiedin the
experiments.
Theslopeof thetotaldispersionversusl/y plotrepresentstheaxialdispersion,DL,
andthe interceptrepresentstheothercombinedmasstransferresistances.Thesevalues
werecalculatedintherangeof 1.14- 9.88cm2/secand0.02- 0.06s,respectively.
In order to determinethe micropore(zeolitic) diffusivity, other masstransfer
contributionswere estimated.The macroporediffusionalcoefficientand externalfilm
resistanceswerecalculatedbyusingempiricalcorrelationspreviouslygivenin Chapter4.
The moleculardiffusioncoefficientof CO in He gaswasestimatedusingcollision
diameterfrom the Lennard-Jonespotentialtheory as 3.121 A using the data from
Hirschfelderet al. [96]andtheequationdevelopedby ChapmanandEnskog(4.33).The
resultsobtainedaregivenin Table7.11.
Table7.11.Moleculardiffusioncoefficientsfor CO inHe
TemperatureC) Dm(cm2/sec)
60
0.843
80
920
1 0
. 99
2
1.081
Relativeimportanceof molecularor Knudsendiffusivityin macroporediffusion
dependsontheratioof averagemacroporediameterandmeanfreepathlength.The mean
freepathwascalculatedfromEquation(4.28)in therangeof 1049.30at60°Cand1238.36
A at 120°C.Meanfreepathwasfoundto behigherthantheaveragemesoporediameterof
46.28A determinedfromvolumetricadsorptionanalysisimplyingthatthecollisionsof CO
moleculeswith theporewalls occurredmorefrequentlythancollisionsbetweendiffusing
CO molecules.Thus,undertheseconditions,Knudsendiffusionwasmoresignificantand
it was calculatedfrom Equation(4.29) in therangeof 0.0155- 0.0168cm2/sec.Then,
macroporediffusioncoefficient,Dp, wascalculatedin therangeof 2.54xl0-3- 2.76xl0-3
cm2/sectakingbothKnudsenandmoleculardiffusionintoaccountaccordingto Equation
III
(4.32). In this calculationtortuosityfactor (t) was chosenas 6 for the calculation,
estimatingthemaximumcontributionof themacroporediffusionresistance.
The externalfilm resistancewas correlatedas in Equation(4.34).The Schmidt
numberswerecalculatedin therangeof 1.14- 1.46andReynoldsnumbersin therangeof
0.18- 0.29.Sherwoodnumberwasestimatedin therangeof 2.24- 2.37fromEquation
(4.36).Thus,theclinoptiloliteparticleswereconsideredas isolatedsphericalparticlesin a
stagnantfluid. Then,theexternalmasstransfercoefficient,k was calculatedin 31.29-
42.44em/seerange.
TheBiot numberfor masstransferwhichis themeasureof theratioof internal-to-
externalconcentrationgradientswas calculatedin the 487-546 range. Under these
conditions,theinternalmasstransferesistancewasgreaterthantheexternal,asexpected.
Thereforethemicroporediffusionalresistancewerethencalculatedby subtracting
the contributionsof axial dispersion,externalmasstransferand macroporediffusional
resistancesfromtheoveralldispersion.The contributionsof masstransferresistancesto
total dispersionfor the CO/Clinoptilolitesystemwere calculatedand are given in the
following Table7.12.However,sincethemesoporediffusionresistancewas foundto be
dominant,it was equatedto the totalmasstransferresistanceandDp was calculatedas
2.98xlO-Jcm2/sec.Thisvaluewasin goodagreementwith thetheoreticallydeterminedDp
valueof2.54xl0-J-2.76xlO-Jcm2/sec.
Table7.12.Contributionsfromdifferentmasstransferesistancesandaxialdispersionand
comparisonwiththevaluesin theliteratureforCO/Clinoptilolitesystem
T DL (s)
R2R 22
3~ (s)
p(s) rc(s)('C)
v2 15&pDp15DcKm
60
0.0087- 0.0352.81xlO-4- 3.61xlO-40.065- 0.070negligible
70*
1.3611.8 l -5.05xlO-J0.14
100*
.020 54 65
2
79 422 0
5
1 68 53 893
*ResultsreportedbyTriebe,Tezel[70].
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CHAPTER 8
CONCLUSIONS
A numberof conclusionscanbemadeconsideringtheresultsof thisstudy:
Elementalanalysis(ICP) indicatedthat the cationcontentof the clinoptilolite
decreasedin theorderofCa(4.91)>K(3.28)>Fe(1.56)>Mg(1.26)>Na(1.18)>Ni(O.18)
>B(0.14).The majorcationsfor theclinoptilolitewereCa2+andK+,followedby Fe2+and
Mg2+anda smallamountofNa+.Si/AI ratioofclinoptilolitewasdeterminedas5,836.The
type,amountandlocationof thecationswereshownto bedeterminantfor theadsorption
anddiffusionpropertiesof theadsorbentandheatsof adsorption.
No interpretableband was observedin FTIR spectrafor the CO-adsorbed
clinoptilolite.Thus, the FTIR analysisshouldbe performedinsitu. Thermal analysis
showedthattheaveragepercentweightlossup to 800°Cwas 10.535for unwashedand
10.878for washedclinoptilolitesamples.Thedestructiontemperaturefor theclinoptilolite
was determinedas about840°CfromDTA. This hightemperaturewas attributedto the
highSi/AI ratio.
Argon adsorptionanddesorptionisothermof Type IV with a hysteresisloop was
obtainedby volumetricadsorptionmethodat 87.4K. The adsorptionisothermsof the
washedand unwashedclinoptilolitesampleswere comparedbasedon their adsorption
capacity.Thehigherargonadsorptioncapacityof thewashedclinoptilolitewas explained
by theremovalof impuritiesfromclinoptilolitestructureby washing.The specificsurface
areaof thewashedclinoptilolitewasdeterminedas33.1]m2/gbyBET model.Cumulative
surfacearea,porevolumeandaveragemesoporediameterwereobtainedby Bill method
as 33.55 m2/g,0.0388cm3/g,and 46.28A, respectively.Maximumpore volume and
medianmicroporediameterwerecalculatedas0.0103cm3/gand8.49A, respectivelyby
Horvath-Kawazoe model. Dubinin-Astakhovmodel was applied to determinethe
microporesurfaceareaandfoundas50.887m2/g.
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Asymmetricor tailedchromatographicresponsepeakswereobtainedwith packed
column. These tailed peaks were associatedwith the dominanceof microporeand
mesoporediffusion resistancesto masstransfers.Broaderpeakswere obtainedwith
decreasingcarriergas flow rate due to increasedmicro and mesoporemasstransfer
resistancesandincreasedresidencetimeof CO in thecolumn.Therefore,CO interacted
with the aluminosilicateframeworkand cationsmore stronglyleadingto the longer
diffusion times.The peakareaschangedslightlyas the columntemperatureincreased
while theydecreasedwith increasingcarriergasflow rate.Momentanalysisshowedthat
equilibriumwasreachedin thecolumn.
TheHenry'slaw constants(K) werefoundto decreasewith increasingtemperature
in therangeof 40 - 952.Theheatsof adsorptionalmostremainedconstantwith carriergas
flow rate,around55.75kJ/mol. The differencebetweenthecalculatedheatsof adsorption
andthosein theliteraturewasattributedtotheporesize,cationcontentandaccessibilityof
cationsin theclinoptiloliteframework(affectingthenatureof theadsorbent-adsorbateand
adsorbate-adsorbateinteractions).
Totaldispersionincludingthecontributionsfrommicropore,mesoporeandexternal
masstransferresistanceschangedslightlywith temperature.It was concludedthat the
microporediffusionalresistancewas not controllingmechanismin diffusionof CO in
clinoptiloliteunder the experimentalconditionsstudiedand the mesoporediffusion
resistancewasdominantmechanism.This wasnotto saythatmicroporediffusiondid not
takeplace,but sincethevalueof rc2/Dcwastoo small,i.e. themicroporediffusionaltime
constant(Dclrc2) was large and the diffusion of CO in microporesis slow, the
chromatographictechniquewastoorapidtomeasurethisslowdiffusionin themicropores.
Thetotalresistancefromexternalmasstransfer,microporeandmesoporediffusion
was determinedin the rangeof 0.02 - 0.06 cm2/sec.Since the mesoporediffusion
resistancewas foundto be dominant,it wasequatedto thetotalmasstransferresistance
andthemesoporediffusioncoefficient,Dp wascalculatedas2.98xlO-3cm2/sec.This value
wasingoodagreementwiththetheoreticallydeterminedDp value.
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The diffusionof CO in clinoptilolitewas controlledby the mesoporediffuSion
mechanismunderthe experimentalconditions,so it was not possibleto determinethe
microporediffusivity. The dispersionof the responsepeak:must be dominatedby
microporeresistancein orderto measurethemicroporediffusivitybygaschromatographic
method.
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APPENDIX A
PressureDrop Calculation
Pressure drop across the packed column was calculatedusmg the Ergun's
correlationfor dimensionlessfrictionfactor,f as[39]:
(A. I)
For the interstitialvelocitiescoveredin this study,f was found in the 6723.8-
13413.63rangeandit wasrelatedtothepressuredropby:
(A. 2)
whereL1p is thepressuredrop(N/m2) acrossa lengthL of packedcolumn,EV is superficial
fluid velocity.
The pressureat the column inlet was 100 kPa. Then the pressuredrop was
calculatedas0.034- 0.731kPawhichwasacceptedasnegligible.
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APPENDIXB
Pore SizeandSurfaceArea Measurements
Surfaceareais yielded from the lower regionof the adsorptionisotherm.The
LangmuirandBrunauer-Emmett-Teller(B.E.T) adsorptionmodelshavebeenwidelyused
to determinethe surfaceareasof theadsorbents.Thesetheoriesconsiderthenumberof
moleculesrequiredfor the completitionof a monolayer[98]. Then,the surfaceareais
determinedfromtheproductof thenumberof moleculesin a completedmonolayerandthe
specificsurfaceareaof theadsorbentis calculatedfromsurfaceareaoccupiedby a single
adsorbedgasmolecule(14.2A2 for Argon).BET is thegeneralizedformof theLangmuir
theoryandinvolvesthemultilayeradsorption.
BET Model assumesthatall adsorptionsitesona surfaceareidenticallyenergetic,
and same forces are effectiveboth in condensationand multilayerformation.The
interactionsbetweentheadsorbedmoleculeson thesurfaceareneglected.TheBET model
equationis givenas;
(B.1)
whereVa is theamountadsorbedattherelativepressurep/Po, Vmis themonolayercapacity
andC is a constantwhich is relatedexponentiallyto theheatof adsorptionfor thefirst
layer.C is usuallybetween50 and300whennitrogenis usedas an adsorptiveat 77 K.
NegativeandhighC values(>300)indicatesthepresenceof microporesandBET Model is
questionablefor surfaceareadetermination[80].Therangeof linearrelationshipbetween
plVa(Po-p) andP/Po is requiredfor theBET modelandthelinearityis restrictedin theplpo
rangeof 0.05 - 0.35. Then knowing the areaoccupiedby a single Argon molecule
(aa=14.2A), thesurfaceareaof theadsorbent(As) wascalculatedas:
(B.2)
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whereNA is theAvogadro'snumber.Themesoporesizedistributionwastreatedwithusing
theKelvin equation:
m(p *J =_(2rOJCOSOJPo RTrm
(B.3)
wherep* is thecriticalcondensationpressure,0is thecontactanglebetweentheadsorbent
andcondensedadsorptive,rm is themeanradiusof curvatureof theliquidmeniscus,andr
andruarethesurfacetensionandmolarvolumeof theliquidcondensate,respectively.
TheKelvin equationassumesthattheadsorptivecondensedin theporesis emptied
in a stepwisemanner,i.e. thefilm thicknesson theporewalls (t) decreasesasdesorption
occurs.It also assumedthatthe poresarerigid and of uniformshape,the pore size is
restrictedto themesoporerange,thereis no poreblockingeffectsandthemeniscusshape
is controlledby theporesizeandshape[99].In straight,open-endedpores,rm is relatedto
thetwoprimaryradiir] andr2by;
(B.4)
Whentheporesareemptyingrm = r] = r2 andthereis alsoa film of thickness,ton
theporewallswhichis expressedbyHalsey'sequationas;
1/3
1=2.98~(£J
(B.5)
where2.98 is the thicknessof one adsorbedlayer of argonat 87.5K and 5.00 is an
empiricalconstant.Thensubstitutingrmwith (r-t) inEqn. (B.3);
m(p*J =_(2rmcosOJPo RT(r-t)
(B.6)
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for the desorptionbranch.Desorptionbranchis preferredfor calculationof pore size
distributionif poreblockingeffectsareabsent[99].Thenthevolumedesorbedfrom the
adsorbentatdecreasingrelativepressuresis convertedto equivalentliquidvolumes,since
it wasassumedthatdesorptionoccursfromtheporesfilled with liquid ratherthangas.
ThentheBJH Model wasusedto calculatetheincrementalporevolumeversusporesize
intervals.
Pore SIze distributioninformationin the mlcroporeregIon is obtainedby the
applicationof Dubinin-Astakhov(D-A) and Horvath-Kawazoemicroporemodels.D-A
Model is expressedas:
(B.?)
whereW is thequantityadsorbedat relativepressurep/Po, Wo is the limitingmicropore
volume,Ea is thecharacteristicenergyof adsorptionfor thereferencevapour(benzene),'1/
is theaffinitycoefficientandA is theadsorptionpotential.The valueof n is selectedto
givethebestlinearregressionfit andhasavalueusuallybetween1and3 andoftennear2.
Hovarth-Kawazoe(H-K) methodassumesthateithermicroporesarefull or empty
accordingto typepressureof theadsorptiveis greateror lessthanthevaluecharacteristic
of a particular micropore size. Also assumedthat the adsorbedphase behaves
thermodynamicallyas a two dimensionalidealgas. The H-K methodis basedon the
modelof EverettandPowel which describesthe potentialenergyof a singlemolecule
betweentwo parallelplanesoff atomsof graphitizedcarbon.The final form of theH-K
equationis:
(B.8)
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where~is thedistancefroma surfaceatomatzerointeractionenergy,NA is theAvogadro
number,RTln(plpo)is thefreeenergychange,I is theslit width,d is the diameterof the
adsorbatemolecule,Na is the numberof atomsper unit areaof adsorbent,Naa is the
numberof moleculesperunitareaof adsorbate,Aa andAaa areconstantsin Lennard-Jones
potentialfor theadsorbentandadsorbate,respectively.
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APPENDIXC
DensityMeasurements
Various porositieswere calculatedfrom the bulk and apparentdensitiesof the
zeolitesampleinthisstudy.
In orderto determinethewetanddry (bulkandapparent)densitiesof clinoptilolite,a
specimenof rectangularprism in shapewas cut. The volume of the specimenwas
calculatedas4.714cm3(Vspecimen).Thespecimenwasplacedwaskeptin theovenat400°C
for 24 hoursandkeptin a desiccatorto cooldown.Aftertheweightwasrecordedasmdry,
the specimenwas immergedin deionizedwaterandvacuumedat -500 mmHgat room
temperatureuntiltheexit of air bubblesstoppedanddriedwith a tissue.The weightwas
recordedas mwet. Knowing the volumeof the specimen,the dry (Pdry) and wet (flwet)
densitiesof theclinoptilolitewerecalculatedasfollows:
Pdry = mdry = 5.26g =1.240g/cm3
Vspecimen 4.714cm3
mwet 7.08g 1502g/ 3Pwet =--- = 3 -. em
V. 4.714cmspeCImen
Then,thebedvoidage(e)wascalculatedfromtheknowndryclinoptilolitedensity
and dry weight of the packedclinoptiloliteregardingregenerationof the clinoptilolite
beforeadsorptionexperimentsasfollows:
Volumeof clinoptilolitepackedintothecolumn:
mpacked clinoptilolite 1.389 g =1.120cm3Vpacked clinoptilolile: ------ =
P dry 1.240g / cm3
BedP . Vcolumn- Vpackedclinoptildite* 100-_ 1.661-1.120*100orOStty: --------- ----- = 32.57%
Vcolumn 1.661
121
REFERENCES
1. Giddings,IC, Chemistry,Man, andEnvironmentalChange,Canfield,SanFrancisco,
1973.
2. Masters,G.M., Introductionto EnvironmentalEngineeringand Science,2nd Edition,
Prentice-Hall InternationalInc.,USA, 1998.
3. Commoner,B., MakingPeacewiththePlanet,New York, Pantheon,1990.
4. Medical and Biological Effects of EnvironmentalPollutants-CarbonMonoxide,
NationalAcademyof Sciences,Washington,D. C., 1977.
5. Peavy,HS., Rowe,D.R. andTchobanoglous,G., EnvironmentalEngineering,McGraw
Hill, Singapore,1995.
6. DecisionAnalysisCorporation,Measurementof Emissions:GreenhouseGasEstimates
for AlternativeTransportationFuels,unpublishedfinalreportpreparedfor theEnergy
InformationAdministration,Vienna,VA, December1995.
7. Council of EnvironmentalQuality: Twelfth Annual Report of the Council on
EnvironmentalQuality,Washington,D. C, 1982.
8. MultinationalMonitor,Vol. 20,No.6, June 1999.
9. BulletinonGreenHouseGasesby StateInstituteof Statistics,04.04.1999.
10.http://www.eia.doe.gov/cabs/turkey.html
11.Miiezzioglu,A., HavaKirliligininve KontroliiniinEsaslan,Dokuz Eyliil Universitesi,
1987.
12.Coe,CG., Separationof GasesbyZeolites,GasSeparationTechnology,EditedbyE.F.
VansantandR. Dewolfs,ElsevierSciencePublishersB.V., Amsterdam,1990.
13.Breck,D. W. ZeoliteMolecularSieves,Wiley-Interscience,New York, 1974.
14.http://www.amzorb.com/uses.html
122
15.Dyer,'A, An Introductionto ZeoliteMolecularSieves,John Wiley and Sons,
Chichester,1988.
16.Neuhoff,P. S. andBird,D.K., MethodofCharacteristicsAlgorithmsforEstimationof
ApparentStandardMolar ThermodynamicPropertiesfor Rock-FormingZeolites,
Departmentof Geologicaland EnvironmentalSciences,StanfordUniversity,
http://pangea.stanford.edul~neuhofl7phil-agu97.html
17.Ozkan,F., Ulkii, S., Amabalajsanayindenemtutucuolarakdogal zeolitlerin
kullarulmasl,rnusalAmbalajTeknolojisiveYan SanayiKongresive Sergisi,p. 278,
1988.
18.Sirkecioglu,A, Esenli,F., Kumbasar,I., Eren,R H., Erdem- Senatalar,A,
MineralogicalandChemicalPropertiesof Bigadi9Clinoptilolite,Proc.International
EarthScienceCongresson AegeanRegions(IESCA), 1-6Ekim1990,Izmir,M.Y.
Savascin,AH. Eronat(ed.),VoU, 291-301,1991.
19.Sirkecioglu,A, Bigadi9KlinoptilolitRezervininNH/ Degi~imiveCO2 Adsorpsiyonu
YardumylaKarakterizasyonu,DoktoraTezi,iTO, istanbul,1994.
20.Erdem-Senatalar,A, Sirkecioglu,A, Giiray, I., Esenli, F., Kumbasar,I.,
"Characterizationf theClinoptilolite-richTuffs of Bigadic:Variationof the lon-
ExchangeCapacitywith Pretreatmentsand ZeoliteContent"Proc. of the 9th
InternationalZeoliteConference,5-10Temmuz1992,Montreal,Kanada,R yon
Ballmoos,J.B. Higgins,M.M.J. Treacy(ed.),Butterworth-HeinemannLtd.,Vo1.2,223-
231,1993.
21.Giindogdu,M.N.,Ph.D.Thesis,HacettepeUniv.,Ankara,1982;Goktekin,A, Istanbul
Tech.Univ.,YBYK-UYG-AR Projesi,1989.
22.Tsitsishvili,G.V., Andronikashvili,T.G. andKirov, G.N., NaturalZeolites,Ellis
HorwoodLimited,1.tEdition,NewYork,pAO, 1992.
23.Tsitsishvili,G.Y. andAndronikashili,T.G.,1.Chromatography,58 39,1971.
24.Ackley,M.W.,Giese,RF., Yang,RT., Zeolites,12,780,1992.
25.Barrer,RM. andCoughlan,B., MolecularSieves,TheSocietyof ChemicalIndustry,
London,141,1968.
26.Smith,1.V., in 1. A Rabo (Editor),Zeolite,ChemistryandCatalysis,American
ChemicalSociety,Washington,DC,69,1976.
123
27.Barrer,RM., in F. Ramoa-Ribeiro,A E. Rodrigues,L. DeaneRollmannand C.
Naccache(Editors),Zeolites:ScienceandTechnology,MartinusNijhorf,TheHague,p.
227,1984.
28.Barrer,RM., J. ColloidInterfaceScience,21,415,1966.
29.Gottardi,G. andGalli,E., NaturalZeolites,Springer-Verlag,Berlin,1985.
30.Ackley, M.W. and Yang, RT, Diffusion in Ion ExchangedClinoptilolites,AIChE
J.,Vol. 37,No. 11,1645-1656,1991.
31.Barrer,RM., HydrothermalChemistryof Zeolites,AcademicPress,London,1982.
32.White,D.A andBussey,RL., "Watersorptionpropertiesof modifiedclinoptilolite",
SeparationandPurificationTechnology,11,137-141,1997.
33.Babaev,LS., Rajabli,S.B. andAliev,T. B., TechnicalProgress,6,45,1976.
34.Babaev,LS., Kasumova,S.M., Aliev,TB. andAkhmedov,M. A, Proc. Az. Res. Inst.
WaterProblems,8,83,1979.
35.Aliev,T B. andSchvartzman,N. D., Proc.Az. Res.Inst.WaterProblems,8,96, 1979.
36.Tarasevich,YL, Rudenko,G.G., Kravchenko,V.A andPolyakov,V.E., Chern.and
Techn.Water,1,66, 1979.
37.http://www.roskill.co.uk/zeolites.html
38.Karger,1. andRuthven,D.M., DiffusioninZeolitesandotherMicroporousSolids,John
Wiley& Sons,New York, 1992.
39.Ruthven,D.M., Principlesof Adsorptionand AdsorptionProcesses,John Wiley and
Sons,New York, 1984.
40.Haynes,Jr.,H W. andSarma,P.N., AIChE 1., 19,1043,1973
41.Hyun,S.H andDanner,RP., Ind.Eng.Chern.Fundam.,24,95,1985.
42.Sarma, P.N. and Haynes, Jr.,HW., Application of Gas Chromatographyto
measurementsof DiffusioninZeolites,Adv. Chern.Ser.,133,205,1974.
43.Hufton, J.R, Diffusion and Equilibriumof Alkanes on SilicaliteDeterminedby
PerturbationChromatography,ThePennsylvaniaStateUniversity,Ph.D.Thesis,1992.
44.Cunningham,RE. andWi1liams,RJ.J., Diffusionin GasesandPorousMedia,Plenum
Press,New York, 1980.
124
45.Chapman,S. andCowling,T.G., TheMathematicalTheoryof Non-UniformGases,3rd
Edition,CambridgeUniversityPress,1970.
46.Ranz,W. E. andMarshall,W. R, Chern.Eng.Prog.,43, 173,1952.
47.Deemtervan, J. J., Zuiderweg,F. J. andKlinkenberg,A, Chern.Eng. Sci., 5, 271,
1956.
48.Kucera,E., J. Chromatogr.,19,237,1965.
49.Kubin,M., CollectionCzech.Chern.Commun.,30,1104,1965.
50.Cerro,RL. andSmith,J.M., AIChE. J., 16,1035,1970.
51.Ma, YH andMancel,c., DiffusionStudiesof COz, NO, NOz andSOz on Molecular
SieveZeolitesbyGasChromatography,AIChE J., Vol. 18,NO.6, 1972.
52.Van derVIist, E. andVan derMeijden,J., Determinationof theAdsorptionIsotherms
of the Components of Binary Gas Mixtures by Gas Chromatography,J.
Chromatography,79, 1-13,1973.
53.Martin,AJ.P. andSyinge,RL.M., Biochem.J., 35,1358,1941.
54.Haydel,J. J. andKobayashi,R, Ind.Eng.Chern.Fundam.,6, 546,1967.
55.Shah,D.B. andRuthven,D.M., Measurementof ZeoliticDiffusivitiesandEquilibrium
IsothermsbyChromatography,AIChE. J., Vo1.23,NO.6, 1977.
56.Chihara,K., Suzuki,M. andKawazoe,K., AIChE J., 24,237,1978.
57.Ruthven,D.M. andKumar,R, Can.J. Chern.Bng.,57,342,1979.
58.Hsu,L.K.P. andHaynes,HW. Jr., AIChE J., 27,81, 1981.
59.Haynes,HW.Jr., Chern.Bng.Sci.,Vol. 30,995-961,1975.
60.Ruthven,D.M., Sorptionof oxygen,nitrogen,carbonmonoxide,methane,andbinary
mixturesof thesegasesina 5A molecularsieve,AIChE J., 22,753-759,1976.
61.Hashimoto,N. andSmith,J. M., Ind.Eng.Chern.Fundam.,12,353,1973.
62.Ruthven,D.M. adnKumar,R, Ind.Eng.Chern.Fundam.,19,27-32,1980.
63.Harper,RJ., Stifel,G.R andAnderson,RB., Adsorptionof gaseson 4A synthetic
zeolite,Can.J. Chern.,47,4661-4669,1969.
64.Haq, N. andRuthven,D.M. Chromatographicstudyof sorptionand diffusionin 5A
zeolite,J. ColI. InterfaceSci., 112,154-163,1986a.
125
65.Haq, N. andRuthven,D.M. Chromatographicstudyof sorptionanddiffusionin 4A
zeolite,1.Coll. InterfaceSci., 112,164-169,1986b.
66.Esenli,F. andKumbasar,I., Thermalbehaviourof Heulanditesand clinoptilolitesof
WesternAnatolian,ZeoliteandRelatedMicroporousMaterials:Stateof theArt 1994,
Studiesin SurfaceScienceand Catalysis,Weitkamp,J., Karge, R. G., Pfeifer, H.,
Holderich,W. (Eds.),ElsevierScience,B.V., Vol. 84,1994.
67. Ozkan,F. andO1kti,S., EneIjiDepolamaSistemlerindeYerelDogalZeolitMineralinin
(Klinoptilolit) Kullamlmasl,ULffiTK'97 11.UlusaiISl Bilimi ve Teknigi Kongresi,
Edirne,17-19Eyliil 1997.
68.Altav, Y., Sirkecioglu,A and Erdem-Senatalar,A, l.Ulusal Kimya Miihendisligi
Kongresi,ODTU, Ankara,13-16Eylii11994.
69.Tezel,F.R. andApolonatos,G., Chromatographicstudyof adsorptionfor CO, Ca.,
andN2inmolecularsievezeolites,GasSep.Purif, 7, 11-17,1993.
70.Triebe,RW. and Tezel, F.H., Adsorptionof Nitrogen,CarbonMonoxide, Carbon
DioxideandNitric OxideonMolecularSieves,GasSeparationandPurification,9,No.
4, 223-230,1995a.
71.Triebe,RW. and Tezel, F.R., Adsorptionof Nitrogen and CarbonMonoxide on
Clinoptilolite:DeterminationandPredictionof Pure andBinary Isotherms,Canadian
Journalof ChemicalEngineering,73,717-724,1995b.
72.Emesh,I.T.A andGay,I.D., AdsorptionandBC N.M.R studiesof ethene,ethaneand
carbonmonoxideon Zn- and Cd-exchangedA Zeolites,1. Chern.Tech.Biotechnol.
35A, 115-120,1985.
73.Ackley,M.W. andYang,RT., Ind.Eng.Chern.Res.,30,2523-2530,1991.
74.Sirkecioglu,A, Altav,Y., Erdem-Senatalar,A, AdsorptionofH2S andS02onBigadiy
Clinoptilolite,SeparationScienceandTechnology,30,13,2747-2762,1995.
75.Triebe,RW., Tezel, F.R., Erdem- Senatalar,A andSirkecioglu,A, PromisingAir
Purificationson Clinoptilolite,ZeoliteScience1994:RecentProgressandDiscussions
StudiesSurfaceScienceandCatalysis,Vol. 98,1993.
76.Rukenstein,E., Vaidyanathan,AS., Youngquist, G.R, Sorption by Solids with
BidispersePoreStructures,Chern.Eng.Sci.,26,1305,1971.
126
77.Rakic, v'M., Hercigonja,RV. andDondur,V.T (CO InteractionwithZeolitesstudied
by TPD andFTIR: Transition-metalIon-exchangedFAU-type Zeolites,Microporous
andMesoporousMaterials,27,27-39,1999).
78.Kamble,V.S., Gupta,N. M., Kartha,V.B., Iyer,R M., l Chern.Soc.,FaradayTrans.
89,p. 1143,1993.
79.Rao, C.N.R, ChemicalApplicationsof InfraredSpectroscopy,AcademicPress,New
York, 1963.
80.Webb,P.A andOrr,c., AnalyticalMethodsin FineParticleTechnology,Micromeritics
InstrumentCorporation,Norcross,GA, USA, 1997.
81.Katz, E., QuantitativeAnalysisUsingChromatographicTechniques,SeparationScience
Series,JohnWileyandSons,Chichester,1988.
82.Tsitsishvili,G.v., Andronikashvili,TG., Sabelashvili,Sh.D. and Osipova,N.A, l
Chromatogr.,130,13,1977.
83.Tsitsishvili,G.v., Andronikashvili,TG., Sabelashvili,Sh.D. and Osipova,N.A, in
Sand,L. B. andMumpton,F. A (Editors),NaturalZeolites,Occurence,Properties,
Uses,PergamonPress,Oxford,p. 379,1978.
84.Tezel, F.B., Tezel, H.O. and Ruthven,D.M., Determinationof Pure and Binary
IsothermsforNitrogenandKrypton,Journalof ColloidandInterfaceScience,Vol. 149,
NO.1,March 1, 1992.
85.Farooq,S., SorptionandDiffusionof OxygenandNitrogenin MolecularSieveRS-l 0,
GasSep.POOf.,Vol. 9,NO.3, 205-212,1995.
86.01kii,S., Balkbse,D., BaltaclOglu,H., Ozkan,K. andYldmm, A, NaturalZeolitesin
Air Drying,DryingTechnology,10,2,475-490,1992.
87.Arcoya, A, Gonzalez,lA, Llarbe, G., Seone,x.L., Travesio,N., Role of the
Countercationson the Molecular SievePropertiesof a Clinoptilolite,Microporous
Materials,7, 1-13,1996.
88.Flanigen,E.M., Khatami,H., Seymenski,H.A, in E. M. Flanigen,L. B. Sands(Eds.),
Advancesin ChemistrySeries101,AmericanChemicalSociety,Washington,DC, 201-
228,1971.
89.Bertsch,L. andHabgood,H.W., l Phys.Chern.,37,1621,1963)
127
90.Rodriguez-Fuentes,G., Ruiz-Salvador,A R, Mir, M., Picazo, 0., Quintana,G.,
Delgado,M., MicroporousandMesoporousMaterials,20,269-281,1998.
91.Bish,D. L., Occurrence,PropertiesandUtilizationof NaturalZeolites,585,1988.
92.Knowlton,G.D. andWhite,T.R, ThermalStudyof Typesof Waterassociatedwith
Clinoptilolite,ClaysandClayMinerals,Vol. 29,NO.5, 403-411,1981.
93.Meier,W.M., Proc.7th Int.ZeoliteConf Tokyo, 13,1968.
94.Barrer,RM. andWhite,E.AD., 1.Chern.Soc.: 1561,1952.
95.Milton,RM., U.S. Pat.,2,996,358,1961.
96.Hirschfelder,1., Gurtiss,c.F., Bird, RB., MolecularTheoryof GasesandLiquids,
Wiley,New York, 1954.
97.Sing,KS.W., Everett,D.H., Haul,RAW., Moscou,L., Pierotti,R A, Rouquerol,1.,
Siemieniewska,T., ReportingPhysisorptionDatafor GaS!Solid Systemswith Special
Referenceto theDeterminationof SurfaceArea andPorosity,Pure andAppl. Chern.,
Vol. 57,NO.4, 603-619,1985.
98.Lowell, S. andShields,1.E., PowderSurfaceAreaandPorosity,Chapman& Hall, 3rd
Edition,London,1991.
99. Sing,KS.W., Adsorption,SurfaceAreaandPorosity,AcademicPress,London,1982.
100.Sheikh,M.A,Hassan,M.M., andLoughlin,KF., Adsorptionequilibriaandrate
parametersfornitrogenandmethaneonMaxsorbactivatedcarbon,GasSep.Purif,
Vol.10,No.3, 161-168,1996.
101.Carleton,F.B., Kershenbaurn,L.S. andWakeham,W.A,Chern.Eng.Sci.,33,1239,1978.
102.Lapidus,L. andAmundson,N. R, 1. Phys.Chern., 56, 984,1952.
103.Vlldi,S.,Mobedi,M., AdsorptioninEnergyStorage,EnergyStorage,Kluwer
AcademicPub.,167,487-507,1989.
104.Vlkii, S.,Mobedi,M., ZeolitesinHeatRecovery,Studiesin Surface-Scienceand
CatalysisZeolites,ElsevierSciencePub.,49,511-518,1989.
105.Villi, S., CalaclOgIu,F., EnergyRecoveryinDryingApplications,Int. J. Renewable
Energy,1,5/6,695-698,1991.
106.http://www.rnalvern.co.uk/Laboratory/laser.htrn
128
